i 

- 1 - 

B&P File No. 2223-098/JRR 
Title: Primitive Neural Stem Cells And Method For Differentiation Of 

Stem Cells To Neural Cells 
RELATED APPLICATIONS 

This application claims priority from United States Provisional 
Patent Application No. 60/236,394 filed September 29, 2000, entitled 
"Primitive Neural Stem Cells And Method For Differentiation Of Stem 
Cells To Neural Cells". 
FIELD OF THE INVENTION 

This invention is in the field of cellular diferentiation, more 
particularly to differentiation of stem cells to neural cells, to novel 
primitive neural cells and to methods of differentiation and uses thereof. 
BACKGROUND OF THE INVENTION 

Neural stem cells have a fundamental role in generating cellular 
diversity in the developing mammalian nervous system. However, there 
is very little known about how neural stem cells are formed initially in 
embryogenesis. Evidence from studies primarily in Xenopus suggest 
that the acquisition of a neural fate in ectoderm cells is actively 
repressed and that escaping the repressive signal is the predominant 
mechanism by which cells reveal their default neural identity 
(Hemmati-Brivanlou and Melton, 1997). However, it is uncertain whether 
default neural specification occurs in mammalian development, and if 
so whether the process of default neural fate specification is 
homologous among vertebrate species. 

During mouse gastrulation cells derived from the embryonic 
ectoderm are organized into either neural or epidermal primordia. The 
concept of vertebrate neural induction, borne out of studies in 
amphibian embryology, was proposed to account for the segregation of 
these two vertebrate ectodermal lineages (Spemann and Mangold, 
1924; Waddington and Schnidt, 1933; Oppenheimer, 1936; Beddington, 
1994). It was postulated that the nascent embryonic ectoderm received 
a positive inducing signal from the dorsal organizer tissue during 
gastrulation, which caused the ectodermal cells to adopt a neural fate in 
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a restricted manner. In the absence of this signal, ectodermal cells 
were presumed to differentiate into epidermis, independent of any 
cellular communication. 

Results from in vitro experiments of isolated ectodermal (animal 
5 cap) cells derived from amphibian gastrula supported a different model 
for neural fate specification. Prolonged low-density dissociation of 
ectodermal cells, in the absence of organizer tissue, resulted in most of 
the cells expressing neural markers or forming neural structures upon 
reaggregation (Godsave and Slack, 1989; Grunz and Tacke, 1989; Sato 

10 and Sargent, 1989). Furthermore, ectodermal explants (undissociated 
cells) expressing a dominant-negative receptor for activin (a member of 
the TGFp superfamily of growth factors) were shown to become neural 
when cultured in vitro (Hemmati-Brivanlou and Melton, 1994). In studies 
aimed at identifying the nature of the organizer signals, molecules 

15 isolated from mesendodermal tissue, such as noggin and chordin, 
were found to be sufficient for inducing a second neural axis in 
analogous ectopic experiments performed in Xenopus (Smith et al., 
1993; Sasai et a!., 1995). However, the biochemical mechanism by 
which organizer signals promoted neural differentiation of ectodermal 

20 cells was not entirely consistent with a positive induction model for 
neural fate determination. Noggin and chordin were shown to act by 
binding extracellularly to bone morphogenetic proteins (BMPs), 
members of the TGFp superfamily of molecules that strongly inhibit 
neural differentiation (Hemmati-Brivanlou and Melton, 1994). Thus, in a 

25 restricted manner, noggin and chordin prevent the binding of BMPs to 
their cognate receptors expressed on the surface of ectodermal cells 
(Piccolo et al., 1996; Zimmerman et a!., 1996). In fact, BMP4 was shown 
to act as a positive signal for epidermal fate determination in the 
Xenopus ectoderm (Wilson and Hemmati-Brivanlou, 1995). These 

30 findings from amphibian experiments were consistent with the notion 
that the establishment of neural identity from the uncommitted ectoderm 
occurs by default (i.e. a state achieved autonomously after the removal 
of the inhibitory signals) in the absence of neural-inducing factors 
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emanating from the organizer. 

Embryonic stem (ES) cells are precursors to all embryonic 
lineages. ES cells are derived from the inner cell mass (ICM) of the 
pre-implantation mouse embryo (Evans and Kaufman, 1981; Martin, 
5 1981) and can be sustained in an undifferentiated state in vitro while 
maintaining ICM characteristics. In prior studies of the neuronal 
differentiation of embryonic stem (ES) cells each experiment was 
preceded by embryoid body (EB) formation in the presence of serum. 
As a result, the derivation of neural cells was accomplished indirectly 
10 and under conditions where many culture media parameters are 
unknown. 

It is desirable to have a method for differentiating ES cells toward 
neural cells more directly. Furthermore, it is desirable to have a model 
system with known constituents and well defined end products for the 

15 differentiation of neural cells from ES cells. Such a system would be 
useful in analyzing the role of single genes in the regulation of neural 
development, and for the development and testing of drugs for the 
treatment of developmental and cerebral neural anomalies and 
neuropathies. 

20 SUMMARY OF THE INVENTION 

The present invention concerns a novel primitive neural stem cell 
and associated methods for differentiating embryonic stem cells 
toward neural cells under completely defined media conditions, and 
methods of use of the new stem cell and methods of differentiation. 

25 In accordance with the present invention, it has surprisingly been 

discovered that in low-density cell culture assays, in the absence of 
serum-derived or feeder cell-derived factors and in the absence of 
embryoid body (EB) formation, ES cells directly differentiate into neural 
cells. The transition from ES cell to neural cell can be enhanced by the 

30 inhibition of TGFp-related signaling, in a manner that is consistent with 
a default model of neural fate specification, but one which is distinct 
from Xenopus default neuralization. Furthermore, the present invention 
describes a previously unidentified primitive neural stem cell stage in 
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the neural lineage, which defines the transition between ES cell and 
neural stem cell. 

Accordingly, in its broad aspect the present invention provides a 
novel primitive neural stem cell; this cell being characterized in that it 
5 defines the transition between ES cell and neural stem cell. 

According to one embodiment of the present invention there is 
provided one or more cells expressing one or more neural precursor 
cell marker(s), preferably nestin, and one or more neural-specific 
mRNA molecule(s), preferably Emx2 and/or HoxB1, and having 

10 multilineage potential. 

In another broad aspect, the present invention provides a method 
for differentiating one or more pluripotent embryonic stem (ES) cell(s) 
toward neural cells. According to one embodiment the method 
comprises: a) obtaining ES cells and serum-free media; b) culturing 

15 the ES cells at low density in the serum-free media, preferably the ES 
cells are cultured at a density of greater than zero and less than about 
50 cells/pl, more preferred between about 1 cell/pl and about 50 cells/pl, 
even more preferably the ES cells are cultured at a density of 20 or 
fewer cells/|jl; and most preferably at a density of 10 or fewer cells/fjl 

20 (but greater than 0 cells/pl) and c) allowing said ES cell(s) to 
differentiate toward the neural cell(s). 

According to another embodiment the present invention provides 
a method for differentiating one or more pluripotent embryonic stem 
(ES) cell(s) toward neural cells the method comprising: a) obtaining 

25 ES cells and serum-free media wherein a cytokine is added to the 
media, preferably the cytokine is leukemia inhibitory factor (LIF); b) 
culturing the ES cells at low density in the serum-free media, preferably 
the ES cells are cultured at a density greater than zero and less than 
about 50 cells/pl, more preferred between about 1 cell/pl and about 50 

30 cells/pl, even more preferably the ES cells are cultured at a density of 
20 or fewer cells/pl; and most preferably at a density of 10 or fewer 
cells/pl (but greater than 0 cells/|jl); and c) allowing said ES cell(s) to 
differentiate toward the neural cell(s). 
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According to yet another embodiment the present invention 
provides a method for differentiating one or more pluripotent embryonic 
stem (ES) cell(s) toward neural cell(s) the method comprising: (a) 
obtaining ES cells and serum-free media wherein one or more 
5 cytokines is/are added to the media, preferably the cytokine is leukemia 
inhibitory factor (LIF), and one or more growth factors is/are added to the 
media, preferably the growth factor is selected from the members of the 
fibroblast growth factor (FGF) family of growth factors, more preferably 
the growth factor is FGF2; (b) culturing the ES cells at low density in 

10 the serum-free media, preferably the ES cells are cultured at a density 
preferably the ES cells are cultured at a density between about 1 ce\\/[i\ 
and about 50 cells/jjl, more preferably the ES cells are cultured at a 
density of 20 cell/|jl ; and (c) allowing said ES cell(s) to differentiate 
toward the neural cell(s). 

1 5 In another embodiment according to the present invention there 

is provided a method for differentiating one or more pluripotent 
embryonic stem (ES) cell(s) toward neural cell(s) the method 
comprising: (a) obtaining ES cells and serum-free media, preferably 
wherein one or more cytokines is/are added to the media, preferably the 

20 cytokine is leukemia inhibitory factor (LIF), preferably one or more 
growth factors is/are also added to the media, preferably the growth 
factor is selected from the members of the fibroblast growth factor 
(FGF) family of growth factors, more preferably the growth factor is FGF2 
; (b) culturing the ES cells at low density in the serum-free media, 

25 preferably the ES cells are cultured at a density greater than zero and 
less than about 50 cells/|jl, more preferred between about 1 cell/pi and 
about 50 cells/pl, even more preferably the ES cells are cultured at a 
density of 20 or fewer cells/pl; and most preferably at a density of 10 or 
fewer cells/|jl (but greater than 0 cells/pi); and (c) allowing said ES 

30 cell(s) to differentiate toward the neural cell(s). 

In one embodiment of the methods of the invention an inhibitor of 
TGF-P-related signaling is administered to the media, preferably the 
inhibitor is the protein Noggin. In yet another embodiment of the 
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method of the invention the inhibitor is selected from among the 
Cerberus family of proteins. 

In another aspect, the present invention provides a method for 
producing secondary neural stem cell colonies. According to one 
5 embodiment, the method comprises: (a) culturing ES cells in low cell 
density completely defined serum-free media for a sufficient time and 
under appropriate conditions to allow differentiation of the ES cells; (b) 
dissociating and subcloning primary neural cell colonies generated 
from the said ES cells; and (c) administering a growth factor to the 

10 dissociated neural cells, preferably the growth factor is selected from 
among the members of the fibroblast growth factor (FGF) family of 
growth factors, more preferably the growth factor is FGF2. 

According to another embodiment the present invention provides 
a method for producing secondary neural stem cell colonies the method 

15 comprising: (a) culturing ES cells in low cell density completely defined 
serum-free media for a sufficient time and under appropriate conditions 
to allow differentiation of the ES cells; (b) dissociating and subcloning 
primary neural cell colonies generated from the said ES cells; and (c) 
administering a growth factor to the dissociated neural cells, preferably 

20 the growth factor is selected from among the members of the fibroblast 
growth factor (FGF) family of growth factors, more preferably the growth 
factor is FGF2, and a cytokine is administered to the dissociated neural 
cells, preferably the cytokine is LIF or B27. 

In yet another broad aspect, the present invention provides a 

25 method for analyzing the role of genes in the regulation of neural fate 
specification through analysis of genetic changes which occur during 
the neural differentiation of the metthods and cells of the present 
invention. In one embodiment this can be done by detecting the 
presence or absence of gene expression through convention 

30 techniques such as RT-PCR or methods of protein expression analysis. 

In another embodiment, the invention the novel cells and 
methods for forming them of the invention can be used in an assay for 
desigining and/or screening for modulators or differentiation factors of 
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cell differentiation, preferably neural cell differentiation and 
development. Thus the cells and methods of the invention can be used 
in drug screening and discovery assays, and in tissue engineering. 
Such methods could involve the culturing of ES cells in serum free 
5 media, under low density conditions in the presence of such 
modulators or differentiation factors and in the presence or absence fo 
cytokines, such as LIF and/or growth factors such as FGF-2. The effect 
on differentiation of the ES cells can then be montiored. In another 
embodiment, the novel primitive neural cells of the invention can be 

10 cultured in the presence of the modulator or differentiating factor and in 
the presence of absence of growth factors such as FGF2. The effect on 
differentiation can then be monitored. 

Once the modulators or differentiating factors are determined, for 
instance the differentiation factor to develop a particular cell type from 

15 the primitive neural cell type, such cells can be used to specifically 
generate such cells. 

In another embodiment, novel cells of the invention and cells 
produced by the methods of the invention can be used for therapeutic 
purposes, such as in transplantation or insertion of such cells to a 

20 person in need thereof. They would provide a good cell base for such 
activities, especially due to the ease in whcih they can be generated and 
proliferated and their homogenity. 

Other features and advantages of the present invention will 
become apparent from the following detailed description. It should be 

25 understood, however, that the detailed description and the specific 
examples while indicating preferred embodiments of the invention are 
given by way of illustration only, since various changes and 
modifications within the spirit and scope of the invention will become 
apparent to those skilled in the art from this detailed description. 

30 BRIEF DESCRIPTION OF THE FIGURES 

The invention will now be described in relation to the drawings in 

which: 

Figure 1A is a graph showing the neural sphere colony forming 



-8- 



ability of embryonic stem (ES) cells cultured at 20 cells/ul in chemically 
defined serum free media in the presence of various cytokines and 
growth factors and combinations thereof. The inset shows a light 
microscope photograph of an ES cell derived neural colony after 7 days 
5 in culture. 

Figure 1B is a graph showing limiting dilution analysis of the 
frequency of neural sphere colony formation from ES cells in the 
presence of LIF. 

Figure 1C shows inverted fluorecence microscope photographs 

10 of differentiated ES cell-derived sphere colonies, immunocytochemically 
labelled for the neural precursor marker nestin after 3 or 7 days in vitro. 

Figure 1D is a graph showing the secondary, tertiary and 
quaternary neural stem cell colony forming ability of cells dissociated 
from primary neural colonies and cultured in the presence of exogenous 

15 LIF, FGF2 and B27. 

Figure 2A shows inverted fluorescence microscope photographs 
of differentiated ES cell-derived sphere colonies, immunocytochemically 
labelled for neural cell-specific genes MAP2 (neurons), GFAP 
(astrocytes) and 04 (oligodendrocytes). 

20 Figure 2B shows RT-PCR analysis of neural and non-neural 

lineage gene expression in RNA extracted from primary ES cells (R1), 
ES cell-derived sphere colonies (SC), and positive control tissue 
samples (+). Listed are the Emx2, HoxBI, Six3 and Otx1 markers for 
neural differentiation, Brachyury marker for mesoderm differentiation, 

25 GATA4 and HNF4 markers for endoderm differentiation, and CK-17 for 
epidermal differentiation. 

Figure 3A is a graph showing the neural colony forming ability of 
ES cells with a homozygous null mutation (FGFR-1 (-/-)) in the gene 
encoding FGF-receptor-1 , or control heterozygous ES cells (FGFR- 

30 1 (+/-)). 

Figure 3B is a graph showing the neural colony forming ability of 
ES cells cultured in the presence of anti-FGF2 antibodies. 

Figure 3C is a graph showing the neural colony forming ability of 
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neural stem cells isolated from the day E9.5 forebrain and cultured in 
the presence of LIF and FGF2. 

Figure 4A is a graph showing the neural colony forming ability of 
ES cells cultured in the presence of LIF and FGF2 alone or in the 
5 presence of BMP4. 

Figure 4B is a graph showing the neural colony forming ability of 
ES cells cultured in the presence of LIF and FGF2 alone or in the 
presence of LIF and FGF2 and the BMP protein antagonist Noggin. 

Figure 4C is a graph showing the neural colony forming ability of 
10 Smad4("/-) and wildtype E14K ES cells. 

Figure 4D is a graph showing the neural colony forming ability of 
ES cells cultured in the presence of LIF alone or in the presence of LIF 
and exogenous mouse Cerberus-like (mCer-1) protein. 

Figure 5A is a table showing the proportion of ES cells cultured at 
15 low cell density that were immunoreactive for the neural precursor 
marker nestin, the immature neuronal marker pill-tubulin, the marker 
NeuN, and ICM/ES cell nuclear marker Oct-4. The photographs at left 
shows ES cells immunocytochemically labelled for nestin, pill-tubulin, 
NeuN., and Oct-4 

20 Figure 5B is a graph showing the proportion of either Smad4(-/-) 

or control E14K wildtype ES cells immunoreactive for the immature 
neuronal marker plll-tubulin. The photograph at left shows Smad4{'l-) 
ES cells immunocytochemically labelled for pill-tubulin. 

Figure 6A shows an ultraviolet light microscope photograph of a 

25 chimeric day E9.5 mouse embryo generated using ES cell-derived 
neural colonies harbouring a yellow fluorescent protein transgene and a 
GDI host morula. The inset shows a normally developed blastocyst 
after 24 hours in vitro from the aggregation of a yellow fluorescent 
protein ES cell neural colony and a CD1 host morula. 

30 Figure 6B shows a light microscope photograph of a mouse 

blastocyst (arrow) and an unintegrated day E9.5 telencephalon-derived 
sphere colony expressing green fluroescent protein, 24 hours after the 
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attempted aggregation of the two. 

Figure 6C shows a light microscope photograph of the mouse 
embryo (arrow) developed from the blastocyst shown in Figure 6B. 

Figures 7A-D are photographs of well-circumscribed clusters of 
5 cells. Figures 7 A and B depict cells which do not express nestin (arrow 
in A and B) that resemble typical undifferentiated ES cell colonies. 
These aggregated cells express the undifferentiated ES cell-specific 
marker SSEA-1 (arrowheads in C and D). Moreover, the relatively large 
cells that resemble nestin-positive cells do not express SSEA-1 (arrow 
10 inCandD). 

Figure 7E is a diagram showing a model of the establishment of 
the early neural cell lineage from ES cells. 
DETAILED DESCRIPTION OF THE INVENTION 

As mentioned above the present inventors have invented a novel 
15 primitive neural stem cell and associated methods for differentiating 
embryonic stem cells toward neural cells under completely defined 
media conditions, and methods of use of the new stem cell and 
methods of differentiation. As the novel primitive neural stem cell is 
pluripotent, it can potentially differentiate into cell types other than neural 
20 cells. 

The present invention arose in part from an investigation into 
whether a default mechanism of neural specification could regulate the 
acquisition of mammalian neural stem cell identity directly from 
totipotent vertebrate cells. 

25 Experiments were conducted to determine whether a default-like 

mechanism underlies neural specification in uncommitted mammalian 
embryonic stem (ES) cells. 

In a preferred embodiment, the results indicate that chemically 
defined serum-free, feeder layer-free, low-density culture conditions are 

30 sufficient for neural differentiation of ES cells. That a novel colony- 
forming primitive neural stem cell population was identified displaying 
properties that are intermediate to ES cells and forebrain neural stem 
cells. Furthermore, the results indicate that the transition from ES cell to 
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primitve neural stem cell can be enhanced by the inhibition of TGFP- 
reiated signaling, in a manner that is consistent with a default model of 
neural fate specification. 
ES Cells 

5 As used in the present specification, "pluripotent ES cells" and 

"ES cells" are those which retain the developmental potential to 
differentiate into all somatic and germ cell lineages. ES cells may be 
derived from the inner cell mass (ICM) of the pre-implantation 
mammalian embryo and may be sustained in an undifferentiated state 

10 in vitro while maintaining ICM characteristics. 

EB as used herein refers to embryoid body. The cells in an 
embryoid body are not homogenous and are difficult to propagate. 

Neurospheres refers to multicellular bodies with neural markers. 
They can be a source of a fairly homogenous group of cells. Most cells 

15 in a neurosphere are progenitor cells. In one embodiment, they 
comprise less than 1% of original stem cells. Cells of a neurosphere 
can be used to develop new spheres that comprise cells that are 
usually further down the differentiation pathway. Again they also 
comprise copies of cells from the original neurosphere. As such cells 

20 from neurospheres can be propagated. 
Culture Media 

As will be appreciated by those skilled in the art, "culturing the ES 
cells", means culturing the cells under conditions which allow for the 
survival of the cells for a length of time sufficient to allow for 
25 experimentation and further use of the cells. The culturing of the cells at 
low density in the serum-free media, includes the understanding that 
the conditions under which the cells are cultured are appropriate for the 
continued survival of the cells for the purposes for which the cells are 
being used. 

30 Standard culture media typically contains a variety of essential 

components required for cell viability, including inorganic salts, 
carbohydrates, hormones, essential amino acids, vitamins, and the like. 
In one embodiment, DMEM or F-12 is the standard culture medium. 
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most preferably a 50/50 mixture of DMEM and F-12. It is advantageous 
to provide additional glutamine, preferably at about 2mM. Preferably, the 
conditions for culturing should be as close to physiological as possible. 
The pH of the culture medium is typically between 6-8, preferably about 
5 7, most preferably about 7.4. In respect of pH, the term "about" means 
the pH mentioned plus or minus 0.5 pH units. 

Cells are typically cultured between about 30-40°C, preferably 
between about 32-38°C, most preferably between about 35-37^C. In 
respect of temperature, the term "about" means the temperature 

10 mentioned plus or minus 5 degrees celcius. 

Cells are preferably grown in about 5% CO2. In respect of 
percentages, the term "about" means the percentage mentioned plus or 
minus 0.5 percent. 

Serum-free media refers to a defined media comprising effective 

15 amounts of the following components: (a) a standard culture medium 
without serum, known as a "defined" culture medium, such as 
Dulbecco's modified Eagle's medium (DMEM), F-12, or a mixture 
thereof (As will be readily appreciated by those skilled in the art other 
defined standard media such as, for examples, Iscove^s Modified 

20 Dulbecco's Medium (IMDM), RPMI, Fischer's, Alpha Medium, Leibovitz's, 
L-15, Nctc, F-10, MEM And McCoy's may be used); (b) a suitable 
carbohydrate source, such as glucose; (c) a buffer such as MOPS, 
HEPES or Tris, preferably HEPES with glutamine and sodium 
bicarbonate; and (d) a source of hormones and salt including insulin, 

25 transferrin, progesterone, putrescine and selenium. 
Cytokines 

According to the present invention serum-free media may also be 
supplemented with one or more cytokines, and one or more growth 
factors that stimulate proliferation of cells. Cytokines comprise a diverse 
30 group of small proteins that mediate cell signaling/communication. 
They exert their biological functions through specific receptors 
expressed on the surface of target cells, and include but are not 
necessarily limited to leukemia inhibitory factor (LIF), ciliary neurotrophic 



-13- 



factor (CNTF), growth hormone (GH), erythropoietin (EPO), 
granulocyte/nnacrophage colony-stimulating factor (GM-CSF), 
granulocyte colony-stimulating factor (G-CSF), oncostatin-M (OSM), 
prolactin (PRL), interleukin (IL)-2, IL-3 IL-4. IL-5, IL-6, IL-7, IL-9, IL-10. 
5 and IL-12, interferons (IFN)-alpha, -beta and -gamma, tumor necrosis 
factor (TNF)-alpha, nerve growth factor (NGF), platelet factor (PF)4, 
platelet basic protein (PBP) and macrophage inflammatory protein 
(MIP)1 -alpha and -beta, among others. 
Growth Factors 

1 0 The term "fibroblast growth factor" or "FGF" includes any protein 

or polypeptide having FGF biological activity, such as binding to FGF 
receptors, which activity has been used to characterize varioius FGFs, 
including, but not limited to acidic FGF, basic FGF, FGF2, lnt-2, hst/K- 
FGF, FGF-5, FGF-6 and KGF, 

1 5 ES Cell Differentiation 

ES cell differentiation assays typically involve the formation of 
embryoid bodies (EB) (Martin et al., 1977; Coucouvanis and Martin, 
1995) that are generated from the aggregation of numerous ES cells in 
the presence of serum and in the absence of LIF, a factor which 

20 normally prevents differentiation. EB resemble early embryos: in the 
interior, EB contain ectodermal and mesodermal tissue surrounding a 
cystic cavity, while externally, EB are encapsulated by primitive 
endoderm (Coucouvanis and Martin, 1995; 1999). Given that EB 
formation in very high-density cultures (25-75 times greater than the 

25 densities used in the present study) contains many different cell types 
(derived from all three germ layers) and are generated in the presence 
of 10-20% serum (which contains undefined factors), EB formation 
precludes a more direct analysis of the mechanisms regulating the 
differentiation of a specific cell lineage. Indeed, consideration of cell 

30 density and culture media parameters in studies using dissociated 
Xenopus ectodermal cells (discussed above) initiated a significant 
change in the understanding of vertebrate neural patterning. 

The derivation of neural cells (among other cell types) from EB 
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derived cells in vitro has been previously documented (Doetschman et 
a!., 1985). Several studies have shown that the differentiation of neurons 
and glial precursors from EB derived cells can be enriched in the 
presence of retinoic acid (Bain et al., 1995; Fraichad et al., 1995; 
5 Strubing et a!., 1995), FGF2 (Okabe et al., 1996), or PDGF (Brustle et al., 
1999). Also, BMP4 has been shown to suppress neuronal differentiation 
of EB derived cells (Finley et al., 1999). Although these observations 
clearly demonstrate the potency of such factors to promote or attenuate 
neuronal differentiation of ES cells, each experiment was preceded by 

10 EB formation in the presence of serum. Here it is present an alternative 
and specific paradigm for neural cell fate specification directly from ES 
cells. Neural colonies can develop from ES cells in serum-free 
conditions in the absence of EB formation, and many single ES cells 
can adopt a neural (nestin-^) or neuronal (plll-tubulin+) phenotype in the 

15 absence of exogenous growth factors. The derivation of neural cells 
from ES cells is preferrably carried out at relatively low cell densities in 
serum-free media. Low cell density as used herein refers to a cell 
culture density at which cell proliferation can occur with minimal and 
preferably no aggregation of ES cells or EB formation. Such densities 

20 are preferably about 50 or fewer cells/pl, most preferably less than 20 
cells/|jl, and even more preferred 10 or fewer cells/pl. It has been shown 
and a person skilled in the art would understand that the invention 
requires at least 1 cell to work, as such a cell density of greater than 0 is 
required. The present inventors have found (data not shown) that 

25 methods of the invention work significantly better in conditions where at 
about 10 or fewer cells/|jl. Such a density results in a more 
homogenous cell culture i.e., primitive neural and neural cells as the 
case may be. The inventors have found that at this cell density, early 
mesodermal markers flk1 and brachyury are not expressed in the 

30 neurospheres derived clonally at lower densities from the novel single 
primitive neural stem cells of the invention. At higher densities, there is 
a greater likelihood that some, but not necessarily all e that form form by 
aggregation of ES cells that then differentiate to multiple tissue lineages 
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and express the early mesodermal markers as noted above. 

The experiments conducted by the inventors (data not shown) 
showed that single ES cells at such low densities will become neural 
stem cells. This is known because the single cells clonally proliferated 
5 to form spheres of 10,000 to 15,000 cells, all of which stained for an 
early ectodermal marker (nestin) and which do not express markers of 
other types of tissue like mesoderm, such as flk and brachyury. When a 
single sphere, clonally derived from a single primitive neural stem cell 
(the novel cell of the invention that comes from the neural differentiation 

10 of a single undifferentiated ES cell), is dissociated the small number of 
neural stem cells in the sphere (that come from the symmetrical 
division of the original primitive neural stem cell) will proliferate to form 
secondary neurospheres (thus demonstrating self-renewal) that again 
all stain for the early neural marker nestin. In additional data (not 

15 shown), these new cells were determined not to be a tissue culture 
artifact but actually detectable in fembryonic day 6 and 7 epiblast in the 
mouse. These cells can be isolated by their ability to form 
neurospheres in the in the presence of LIF (and not FGF2). At embryonic 
day 8 in the mouse, FGF2 dependent neural stem cell can be isolated 

20 from the developing neural plate. 

The novel primitive neural stem cells of the invention (the LIF 
dependent cells) have a much greater degree of pluripotential fates than 
do the definitive neural stem cells isolated in similar in vitro 
neurosphere assays from embryonic or adult brain. 

25 Other Uses of the Cells and of the Method of the Invention 

The methods and novel primitive neural cell of the invention have 
many different application, especially in the field of tissue engineering, 
transplantation therapy and drug discovery. 

In one embodiment, this paradigm may be useful in analyzing the 

30 role of single genes in the regulation of neural fate specification. For 
instance, the utilization of an expression-based gene trap library of ES 
cell lines (Stanford et al., 1998) offers a unique opportunity to employ a 
strategy for isolating genes that positively and negatively regulate the 
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transition from an ES cell to a neural cell (Seaberg et a!., 1999). Thus, 
the present findings underscore the potential for using ES cell models 
of mammalian neural development. 

The present methods and novel cell line of the invention can be 
used to screen potential modulators of cellular differentiation, preferably 
neural differentiation, but not necessarily so. As the primitive neural 
cells of the invention are plutipotent and can differentiate into cell types 
other than neural cell types under suitable conditions. The term 
"modulators" as used herein refers to any molecule or factor (such as 
pH, Temperature, Time, isotonic conditions, etc) that can potentially 
effect cellular differentiation. 

In one assay for screening modulators of cellular differentiation 
the pluripotent ES cells can be cultured under serum free, low density 
conditions in the presence or absence of LIF, in the present of the 
modulator, and in the present or absence of FGF2, as the situation 
requires, and the effect on differentation can be detected. 

One can also use the methods and cells of the invention to study 
conditions associated with cellular developement and screen for 
potential therapeutic or corrective drugs or modulators of the 
condition.This can be carried out in one embodiment by comparing the 
development of normal ES cells with cells from those having the 
condition. 

The present inventors have identified the primitive neural stem 
cells in vivo, as such it is suitable for simulating an in vivo model. In one 
embodiment the novel primitive stem cell is LIF dependent. In another 
embodiment it is pluripotent. Such cells can be used in assays for drug 
discovery, screening for drugs and differentiation (modulating) factors, 
etc.. They can also be used as a good source of a relatively 
homogenous cell base. They can be used themselves in the treatment, 
or therapy of certain conditions such as in transplantation therapies, 
especially for conditions of neurological system, resulting in neural cell 
damage or loss (paralysis (regeneration of neral connections), 
Parkinson's disease, alzheimers, multiple sclerosis). Due their 
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pluripotency,they can also be used in developing tissues, neural or 
otherwise. Such tissues could be used in transplantation therapy for 
conditions other than thos related to the neural system. For instance, 
the cells of the invention could be used to develop insulin producing 
5 cells for the treatment of diabetes. The cells could also be used to 
develop a desired cell type by propagating them under predetermined 
conditions conducive to development of such cell type. The cells can 
also be used to determine what these conditions may be. Various 
conditions for ES cell differentiation into multiple cell types can be found 

10 in J. Yamashita et al Nature 408 page 92. 

In studying modulators of cellular differentiation, the novel cells of 
the invention can be cultured in the absence or presence of FGF-2 and 
the potential modulator, to determine the effect of the modulator on 
neural cell development. 

15 The following non-limiting examples are further illustrations of the 

invention of the present specification. 

EXAMPLES 

GENERAL IVIATERIALS AND METHODS FOR THE EXAMPLES 
Propagation and maintenance of ES cells 

20 The ES cell line R1 was grown on mitotically inactive fibroblast 

feeder layers maintained in DMEM + 10% FCS culture medium 
containing LIF (1000 U/ml) at low passage number (6-11) as previously 
described (Nagy and Rossant, 1993). For passaging ES cells, cultures 
were disaggregated with 0.05% trypsin dissolved in Tris-saline/EDTA 

25 for 5-10 minutes, mechanically dissociated, centrifuged and 
resuspended in culture medium. 
Culturing ES cells 

Passaged ES cells were washed (2 times), centrifuged and 
resuspended in chemically defined serum-free media (Reynolds et al., 

30 1992; Reynolds & Weiss, 1996) composed of a 1:1 mixture of 
Dulbecco's modified Eagle's medium (DMEM; GIBCO) and F-12 nutrient 
(GIBCO) including 0.6% glucose (Sigma), 2 mM glutamine (GIBCO), 3 
mM sodium bicarbonate (Sigma), and 5 mM HEPES buffer (Sigma). A 
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defined hormone and salt mixture (Sigma) that included insulin (25 
(g/ml), transferrin (100 (g/ml), progesterone (20 nM), putrescine (60 (M), 
and selenium chloride (30 nM) was used instead of serum. ES cells 
were plated at various cell densities in 24-well culture plates (Nunclon) 
in the presence of either LIF (1000 U/ml), LIF + FGF2 (10 ng/ml; Upstate 
Biotech or Sigma) and 2 (g/ml heparin (Sigma), or in the absence of any 
exogenous growth factors. For short term (4-24 hours) neural 
differentiation, ES cells were plated in identical culture conditions in 
24-well culture plates (Nunclon) that were precoated with 
poly-L-ornithine (15 [}g/m\, Gibco). 

Limiting dilution analysis was performed as previously described 
(Bellows and Aubin, 1989; Tropepe et al., 1999). ES cells were plated in 
24-well plates containing LIF (lOOOU/ml). Cell numbers were adjusted 
to give a starting concentration of 5000 cells/ml from which serial 
dilutions were made. Final cell dilutions ranged from 1000 cells per well 
to 1 cell per well in 0.5 ml aliquots. Cultures were left undisturbed for 7 
days after which time the fraction of wells not containing sphere 
colonies for each cell plating density was calculated and those points 
were plotted against the number of cells plated per well. The number of 
cells required to form one sphere colony, which reflected the proportion 
of neural stem cells in the entire population, was then determined from 
the point at which the regression line crossed the 0.37 level (37%). That 
is Fq = e"^, where is the fraction of wells without sphere colonies and 
X is the mean number of cells per well. Based on a Poisson distribution 
of cells, Fq = 0.37 corresponds to the dilution at which there is one 
neural stem cell per well. The linear relationship observed between the 
cell density and the number of sphere colonies generated (regression 
coefficient R2 = 0.99) can be accounted for by the clonal proliferation of a 
single rare population of cells. 

To assess colony formation at clonal densities, ES cells were 
plated in serum-free media containing LIF (as above) at 5 x 10"^ cells per 
94 mm Greiner hybridoma tissue culture dish (Fedoroff et al., 1997), 



which is subdivided into approximately 700 microwells, 0.04 cm2 each 
(Grelner Labortechnik, Belico Glass, Inc., Vineland, NJ). Using this 
procedure, microwells contained -15 viable cells per well (randomly 
assorted). Cultures were maintained for a 7-day period. 
5 Self-renewal of primary colony-forming ES cells was assessed 

as previously described (Tropepe et al., 1999). Single sphere colonies 
were isolated, mechanically dissociated into a single cell suspension in 
0.2 ml of serum-free media containing various combinations of LIF 
(1000 U/ml), FGF2 (10 ng/ml), heparin (2 (g/ml), EGF (20 ng/ml; Upstate 

10 Biotech) or 827 supplement (IX) and cultured in 96-well (Nunclon) 
plates. Secondary sphere colonies were quantified after 7-10 days. A 
similar procedure was used for repeated passaging experiments. Cell 
viability after a 7-day culture period (sphere colony assay) or after 4-24 
hours (short-term ES differentiation assay) was determined using 

1 5 trypan blue exclusion (1 :2 dilution of 0.4% trypan blue; Gibco). 

To determine the effect of a targeted null mutation in the Smad4 
gene on neural colony formation, clones C8-13 (-/-), C8-24 (-/-), F9-2 
(-/-), F9-5 (-/-) and the wildtype E14K (+/+) ES cell lines (Sirard et al., 
1998) were used. There were no differences in colony formation 

20 between the various (-/-) ES cell clones and thus the analysis included 
the pooled results from all of the clones. Human recombinant BMP4 
protein (stock 0.812 mg/ml) was provided by Genetics Institute Inc. and 
human recombinant Noggin protein (stock 1 .05 mg/ml) was provided by 
Regeneron Pharmaceuticals Inc. 

25 Embryonic and adult dissections 

Adult or Pregnant CD1 mice (Charles River, Quebec) of 
gestational age 9.5 (E9.5) or E14.5 (see below) dissected as previously 
described (Chiasson et al., 1999; Tropepe et al., 1999). In order to 
assess positive immunolabeling, E14.5 dissections of embryonic brain 

30 and skin were prepared as above and plated on a MATRIGEL substrate 
at high cell densities (-100 cells/ml) in the same culture media 
containing 1% FBS. For RT-PCR analyses, tissues (e.g. brain, somite, 
liver, footpad epidermis) that served as positive controls were dissected 
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and enzymatically treated in a similar fashion prior to RNA extraction. 
Embryonic and adult forebrain dissections 

Pregnant CD1 mice (Charles River, Quebec) of gestational age 
9.5 (E9.5) or E14.5 (see below) were killed via cervical dislocation and 
embryos were removed as previously described (Chiasson et al., 1999; 
Tropepe et al., 1999). Dissected germinal zone from the E9.5 
telencephalon was transferred to serum-free media and mechanically 
dissociated into a cell suspension with a fire-polished Pasteur pipette. 
Cell viability was assessed using trypan blue. Cells were plated at 10 
cells/|jl in 24-well (0.5 ml/well) uncoated plates (Nunclon) in serum-free 
media containing either FGF2 (10 ng/ml) + heparin (2 (g/ml) or FGF2 + 
heparin + LIF (lOOOU/ml). Self-renewal of neural stem cells that 
generated primary sphere colonies (selecting mainly floating colonies 
after 7 days in vitro) were routinely subcloned by mechanically 
dissociating a single colony in 0.2 ml of serum-free media, in identical 
growth factor conditions as the primary culture, and plated in uncoated 
96-well (0.2 ml/well) plates (Nunclon). The number of new secondary 
colonies was quantified after a further 6-7 days in vitro. Neural stem cell 
colonies from the adult forebrain subependyma were isolated as 
previously described (Chiasson et al., 1999) and cultured as above. 
Immunocytochemistry 

Single sphere colonies were transferred to a well coated with 
MATRIGEL basement membrane matrix (15.1 mg/ml stock solution 
diluted 1:25 in serum-free media; Becton-Dickinson) in individual wells 
of a 24-well culture plate (Nunclon) (0.5 ml/well). Immunochemistry was 
performed as previously described (Tropepe et al., 1999). For nestin 
immunolabeling, sphere colonies were allowed to adhere for 24 hours 
in serum-free media prior to fixation. Adherent colonies were fixed with 
4% paraformaldehyde in PBS (pH 7.2) for 20 min at room temperature 
and then washed (3x) with PBS (5 min each). Colonies were then 
permeabilized with 0.3% Triton X-100 for 5 min, washed (2x) with PBS (5 
min each) and then incubated for 1 hour in 10% normal goat serum 
(NGS) at room temperature in order to presaturate non-specific protein 
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binding sites. A rabbit polyclonal antiserum (a gift from Dr. R. McKay) 
(Tohyama et al., 1992) was diluted to 1:1000 (in PBS + 10% NGS) and 
colonies were incubated overnight at 4°C. The next day, sphere colonies 
were washed (3x) In PBS (5 min each) and subsequently incubated with 
a secondary goat anti-rabbit FITC-conjugated antibody (1:200; Sigma) 
for 30 min at 37*'C. After rinsing three times (5 minutes each), all 
cultures were incubated in Hoechst 33258 nuclear stain (0.015 mg/ml 
stock solution diluted to 0.001 mg/ml; Boehringer Mannheim) for 5 
minutes at room temperature in order to facilitate cell quantification. 
After washing (3x) (5 min each), colonies were coated with Fluor-mount 
mounting medium. Fluorescence was detected on a Nikon inverted 
fluorescence microscope. A similar procedure was used for 
longer-term differentiation of sphere colony cells. After 7 days in culture, 
colonies that were spread out on the substrate were fixed in 4% 
paraformaldehyde (in PBS, pH 7.2) for 20 minutes at room temperature 
followed by 3 (5 minutes each) washes in PBS (pH 7.2). Cells were 
then permeabilized for 5 minutes in PBS containing 0.3% Triton-X, 
rinsed for 5 min (2x) in PBS and blocked for 1 hour In PBS containing 
10% normal goat serum (NGS). After blocking, cultures were incubated 
in anti-MAP-2 mouse monoclonal (IgG) (1:1000; Boehringer Mannheim) 
and anti-GFAP rabbit polyclonal (IgG) (1:400; Chemicon) antibodies 
diluted in PBS containing 10% NGS over night at 4°. Cultures were then 
rinsed in PBS three times (5 minutes each) and subsequently 
incubated in FITC goat anti-rabbit (1:200; Jackson ImmunoResearch) 
and TRITC goat anti-mouse (1:200; Jackson ImmunoResearch) 
secondary antibodies at 37°C for 30 min. Cultures were rinsed three 
times (5 minutes each) in PBS. Separate cultures (from similar 
conditions) were used for oligodendrocyte immunolabelling. Cultures 
were incubated in anti-04 mouse monoclonal (IgM) antibody (1:40; 
Boehringer Mannheim) in PBS containing 10% NGS at 4^ overnight. 
The next day, cultures were rinsed three times (5 minutes each) and 
subsequently incubated in DTAF goat anti-mouse-IgM (1:200; Jackson 
ImmunoResearch) secondary antibody in PBS containing 10% NGS at 
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37°C for 30 minutes. After rinsing three times (5 minutes each), all 
cultures were incubated in Hoechst 33258 nuclear stain (0.015 mg/ml 
stock solution diluted to 0.001 mg/ml; Boehringer Mannheim) for 5 
minutes at room temperature in order to facilitate cell quantification. 
5 Colonies were washed (3x) in PBS (5 min each) and then coated with 
Fluormount and fluorescence was visualized using a Nikon 
inverted-fluorescence microscope. Secondary antibody-only control 
cultures were processed simultaneously using the identical protocol 
except dilution solutions were devoid of primary antibodies. All 

10 secondary controls were negative for immunolabeling. 

For short-term (24 hours) differentiation experiments, ES cells 
were adhered to a poly-L-ornithine substrate (15 pg/ml; Sigma), fixed in 
4% paraformaldehyde (as above) and immunolabeled using primary 
mouse monoclonal anti-pill-tubulin antibody (1:1000; Sigma), 

15 anti-nestin antibody (as above) and rabbit anti-mouse Oct-4 antibody 
(1:400; a gift from Dr. J. Cross). Cultures were counter-labeled with 
Hoechst (as above) and quantifed by counting 3-4 random standardized 
areas (using an ocular grid) at 20X objective magnification per culture. 
To cryosection ES derived or forebrain derived sphere colonies, 

20 colonies were rinsed (2x) by transferring to PBS (pH 7.2) for a few 
seconds with a Pasteur pipette. Colonies were then transferred to 4% 
paraformaldehyde containing 0.4% picric acid in 0.16 M 
phosphate-buffer (pH 6.9) and fixed for 1 hour at room temperature. 
Sphere colonies were then rinsed (3x) in 10 mM PBS for 5 min each 

25 prior to being resuspended in 10% sucrose (in 10 mM PBS) overnight at 
4°C. The following day, sphere colonies were placed in tissue freezing 
media (Tissue Tek) in order to quick freeze to -50°C. Using a cryostat, 
14 jjm sections were taken and collected on gelatin coated slides. 
Slides were stored at -70°C and subsequently processed for nestin or 

30 nuclear Oct4 immunolabeling (as above). 
RT-PGR analysis 

Total RNA was isolated using the RNeasy extraction kit (Qiagen) 
and 1 |jg of total RNA was used to synthesize cDNA with oligo-d(T)-j2_-|8 
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primers and MuMLV reverse transcriptase (Superscript II; 
Boehringer-Mannheim) at 42°C for 1 hour. The PGR reaction mixture (20 
|j|) consisted of 1 |jl cDNA, 16 pmol 5' primer, 16 pmol 3' primer, 
specific for the gene in question 0.2 mM dNTP, 2 pi PGR reaction buffer 
5 and 0.8 U of Taq polymerase (Promega). cDNA was amplified in a 
thermal cycler (Perkin-Elmer). For all primer pairs denaturation for 30 
sec at 94°C, annealing for 30 sec and extension at 72°G was used. The 
sense and antisense primers, Mg2+ concentration, annealing 
temperature, extension time and number of PGR cycles were used for 

1 0 the following genes. Emx2: sense 5'-GTGCGAGGTTTTAAGGGTAGA-3' 
(SEQ. ID. No. 1), antisense 5'-GTTTTGGGTTTTGAATTTGGTTG-3'(SEQ. 
ID. No. 2), 1.65 mM Mg2+, 56°G, 40 sec, 40 cycles. HoxB1: sense 
5'-GGGGAGGTTCGAGTGGATG-3'(SEQ. ID. No. 3), antisense 
5'-GGTCAGAGGCATGTCCAGC-3'(SEQ. ID. No. 4), 1.35 mM Mg2+, 58°G, 

1 5 40 sec, 40 cycles. Otx1: sense 5'-TGACAGGTGGAGGTGGTCGA-3'(SEQ. 
ID. No. 5), antisense 5'-GCGGCGGTTGTTGAAGCAAA-3'(SEQ. ID. No. 
6), 1.65 mM Mg2 + , 58°C, 40 sec, 40 cycles. Six3: sense 
5'-GGCGAGGTGTACGAGATGCT-3'(SEQ. ID. No. 7), antisense 
5'-GCCTTGGGTATCATAGGTCA-3'(SEQ. ID. No. 8), 1.35 mM Mg2+, 56°G, 

20 40 sec, 40 cycles. B rachyury: sense 
5'-AGTATGAACGTGGGATTCAC-3"(SEQ. ID. No. 9), antisense 
5'-GCGGTTGTTACAAGTCTCAG-3'(SEQ. ID. No. 10). 1.65 mM Mg2+, 
Se^C, 1 min, 35 cycles. G ATA4: sense 
5'-AGCGTAGATGGGGGAGGTGG-3'(SEQ. ID. No. 11) antisense 

25 5'-TGAGCGAGGACGAGGGTGTT-3'(SEQ. ID. No. 12). 1.35 mM Mg2+, 
58*»G, 1 min, 35 cycles. H N F-4 : sense 
5'-CGATGGTGTTAAAGGAGGTGG-3'(SEQ. ID. No. 13), antisense 
5'-TAGGATTCAGATCGCGAGGC-3',(SEQ. ID. No. 14) 1.35 mM Mg2+, 
56°C, 1 min, 35 cycles. CK-17, sense (SEQ.ID.No ), antisense 

30 (SEQ.ID.No. ) As a control, cDNA amplification of the GAPD gene 
(glyceraldehyde-3-phosphate dehydrogenase) was simultaneously run 
in each PGR experiment. Primers for GAPDH: sense 
5'-AGGAGAGTCGATGCCATGAG-3'(SEQ. ID. No. 15), antisense 



^24- 



5*-TCCACCACCCTGTTGCTGTA-3'(SEQ. ID. No. 16) and PGR reaction 
conditions were similar to conditions used for Emxl amplification (see 
above). Amplified products were electrophoresed in 2% agarose gel 
containing ethidium bromide (25 \}Qlm\) and bands were visualized with 
5 UV light (DualLite Transilluminator, Fisher Biotech). 
Expression of mouse Cerberus-like in Neuro2a cells 

Neuro2a (a murine neuroblastoma cell line) cells were seeded at 
1x10^ cells per 100 mm petri dish and transiently transfected with 10 
|jg of plasmid DNA by means of LipofectAMINE (Gibco) according to the 

10 manufacturer's instructions. After 6 hours, the culture media was 
changed to 10 ml of DMEM+10% FBS (Gibco). Twenty-four hours after 
transfection, culture media was changed to 10 ml of serum-free media. 
Seventy-two hours after transfection, cell supernatant was collected and 
centrifuged to remove cellular debris. Supernatant media was aliquoted 

15 and stored at -70°C. Addition of 4% (v/v) of supernatant (3 separate 
experiments) resulted in a similar increase in colony formation 
compared to the addition of 20% (v/v) supernatant (2 separate 
experiments), but this effect was considerably variable from one 
experiment to the next, whereas addition of 20% (v/v) supernatant 

20 resulted in a very consistent increase between experiments. Thus data 
from the 20% (v/v) experiments were used for the analysis. The 
plasmids pCS-V2 (gift from Dr. R. Moon) (Hoppler et al., 1996) and 
pCS-cer-l (a gift from Dr. E. De Robertis) (Belo et a!., 1997) were used. 
Generation of chimeras 

25 ES sphere colonies were generated using ES cells harboring a 

yellow-fluorescent protein (YFP) transgene or cyan-fluorescent protein 
(CFP) transgene (gifts from Drs K. Hadjatonakis and A. Nagy). 
Embryonic or adult telencephalon-derived sphere colonies were 
generated from either green fluorescent protein (GFP) transgenic mice 

30 (a gift from Drs. K. Hadjantonakis and A. Nagy) or ROSA mice 
ubiquitously expressing the LacZ gene product P-galactosidase (P-gal) 
(Jackson Laboratory) (Friedrich and Soriano, 1991). ES-derived, E9.5, 
E14.5 or adult telencephalon-derived sphere colonies were aggregated 
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with diploid CD1 morula-stage embryos for 24 hours in vitro as 
previously described (Nagy and Rossant, 1993). Once integrated, the 
colony-embryo aggregates were then transferred into pseudo-pregnant 
CD1 females, harvested at embryonic day E8,5-E9.5 and either stained 
5 for P-gal activity (for ROSA-CD 1 chimeras) or visualized for fluorescence 
(GFP-CD1 chimeras). B-gal activity was detected by rinsing embryos in 
a 100 mM sodium phosphate buffer (pH 7.3), fixing in 0.2% 
gluteraldehyde, 2 mM MgCl2, 5 mM EGTA and 100 mM sodium 

phosphate (pH 7.3) at room temperature for min. Embryos were 
10 then rinsed (3x) in a wash buffer containing 0.02% NP-40, 0.01% 
deoxycholate, 2 mM MgCl2, and 100 mM sodium phosphate (pH 7.3) for 

--10 min each. Embryos were stained in 1 mg/ml X-gal, 5 mM 
K3Fe(CN)6, 5 mM K4Fe(CN)e, 0.02% NP-40, 0.01% deoxycholate, 2 mM 

MgCl2, and 100 mM sodium phosphate buffer (pH 7.3) at 37*^C 

15 overnight. 
Example 1 

Single ES cells differentiate into colony forming neural stem cells in 
the absence of serum, feeder layers or the formation of EB 

To determine directly the capacity for ES cells to adopt a neural 
20 fate in the absence of serum-derived or feeder layer-derived factors and 
in the absence of cell-cell contact found in embryoid bodies, ES cells 
were cultured at relatively low cell densities in a chemically-defined, 
serum-free media. Under similar conditions, single neural stem cells 
isolated from the embryonic germinal zone of the neural tube can 
25 proliferate in response to exogenous EGF or FGF2 to give rise to clonal 
colonies of undifferentiated neural precursor cells that form floating 
spheres (Reynolds et al., 1992; Tropepe et al., 1999). The 
colony-forming neural stem cells have the classical stem cell properties 
of self-renewal and multipotentiality (Potten and Loeffler, 1990; Morrison 
30 et al., 1997). That is, a small percentage of cells isolated from single 
dissociated colonies can generate new clonal colonies (self-renewal), 
while the majority of cells within the colonies will differentiate into either 
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neurons and glia, astrocytes or oligodendrocytes, (Reynolds and Weiss, 
1996). 

When ES cells were cultured at relatively low cell densities in the 
presence of either EGF or FGF2 or in the absence of exogenous growth 
5 factors, no cell colonies were generated (Figure 1A). In contrast, in the 
presence of exogenous leukemia inhibitory factor (LIF), which is 
normally used to maintain ES cells in an undifferentiated state (Smith et 
al., 1988; Williams et al., 1988), floating sphere-like colonies were 
generated after 7 days in vitro. There was no significant difference in the 

10 numbers of neural stem cell colonies generated when either EGF or 
FGF2 were combined with LIF compared to LIF alone, although the 
presence of FGF2 produced a non-significant trend toward facilitating 
LIF-dependent colony formation (Figure 1A). Thus, exogenous EGF and 
FGF2 were neither necessary nor sufficient for colony formation in 

15 primary cell cultures. Furthermore, CNTF, another member of the 
cytokine family of signaling molecules to which LIF belongs (Kishimoto 
et al., 1994), was unable to substitute as a colony-promoting factor (data 
not shown), suggesting that the effects of LIF are specific. 

To determine the frequency of cell colony formation, ES cells 

20 were cultured at various cell densities (from 1 cell/well to 20 cells/pl) in 
24-well culture dishes in a limiting dilution assay (Bellows and Aubin, 
1989; Tropepe et al., 1999). The estimated frequency of sphere colony 
forming cells in the presence of LIF was -0.2% (Figure 1B). No sphere 
colonies were observed at cell densities of less than 500 cells per well 

25 (0.5 ml of media), suggesting that a threshold number of cells may be 
required in order to facilitate the clonal proliferation of a single ES cell. 
However, it was found that the present invention would work with even a 
single cell. To show this, ES cells were cultured at --15 cells per 
microwell randomly distributed in Greiner hybridoma culture dishes 

30 subdivided into 700 microwells (0.04 cm^ each). Even though the 
majority of microwells contained cells, an average of 35 colonies were 
generated (2 separate cultures) over the entire dish. Hence, a similar 
frequency of sphere colony formation was observed over the entire 
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culture dish (i.e. 15x700 = 10,500 cells; an average of 35 colonies 
(10,500 = 0.3%). Furthermore, in one additional experiment, single ES 
cells were cultured in 96-well plates (0.2 ml) and 1 sphere colony was 
generated in 600-700 wells scored. Thus, the results demonstrate that 
a very small percentage of single ES cells generate sphere colonies 
under these conditions as predicted by the limiting dilution analysis. 
Example 2 

Colony-forming ES cells show neural stem cell characteristics 

Sphere colonies generated in the presence of LIF grew to a size 
of approximately 300-500 pm in diameter after 7 days and were 
composed of cells that all expressed the intermediate filament protein 
nestin, which is expressed in neural precursor cells in embryonic and 
adult CNS tissues and transiently in muscle progenitors (Lendahl et al., 
1990) and in some epithelial derivatives (Mokry and Nemecek, 1998) 
(Figure 1C). An analysis of smaller sized colonies identifiable at 3 days 
in culture (composed of 20-30 cells) demonstrated that all of the cells 
within these colonies (determined by counting Hoechst stained nuclei) 
appeared to express nestin. Thus, nestin expression is correlated with 
the initial formation of the sphere colony, coinciding with nestin 
expression in single ES cells at the onset of the cell culture period prior 
to sphere colony formation, and no cells within the colonies retained 
nuclear expression of the ES cell marker Oct-4 (see below). These data 
suggest that individual ES cells acquire a neural precursor cell identity 
before they proliferate to generate neural colonies. 

individual colonies were dissociated and subcloned as 
previously reported (Reynolds et al., 1992; Tropepe et al., 1999) in the 
presence of exogenous LIF, FGF2 or EGF alone, or in combinations. 
Regardless of the primary culture conditions the formation of secondary 
neural stem cell colonies was dependent upon the presence of 
exogenous FGF2. LIF alone was not sufficient for secondary colony 
formation (Figure ID). The colony-forming ability in tertiary and 
quaternary subcloned cell cultures could be sustained with combined 
FGF2 and LIF. However, substituting for LIF with a B27 media 
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supplement (thought to prevent excessive cell death by inhibiting free 
radical-induced cellular damage) in the FGF2 cultures was sufficient for 
repeatedly generating new sphere colonies (Figure 1D). Furthermore, 
the ability to generate sphere colonies in the presence of exogenous 
5 EGF alone, EGF + LIF or EOF + LIF + B27 was not observed and the 
effect of EGF + FGF2 was similar to the effects of FGF2 alone. The 
relatively small expansion of ES sphere colonies (2-16 new clonal 
colonies arise from the dissociation of a single ES derived neural 
colony; Figure 1D) is similar to the primary subcloning of 

10 FGF-responsive neural stem cells isolated from the E8.5 anterior neural 
plate (Tropepe et al., 1999). Under conditions of the present invention, 
however, new ES derived colonies maintain their FGF2 and LIF (or B27) 
dependence upon repeated subcloning, whereas the E8.5 derived 
neural stem cell colonies require only FGF2. Furthermore, a separate 

15 EGF-responsive population of colony-forming cells, which occurs during 
the development of the neural stem cell lineage between E10.5 and 
E14.5 in vivo (Tropepe et al., 1999; Martens et al., 2000) was not 
established from the ES-derived colonies. 

To determine if the individual cells giving rise to the neural 

20 colonies had neural multilineage potential, individual colonies were 
encouraged to fully differentiate (placed on a MATRIGEL substrate and 
in the presence of 1% FBS) for a period of 7 days. Under these 
conditions, each of the differentiated colonies contained neurons 
(MAP2+ or p-lll tubulin^), astrocytes (GFAP+) and oligodendrocytes (04+) 

25 using these conventional cellular markers of differentiation (Figure 2A). 
The neural cells identified in these differentiated cultures (including 
undifferentiated, nestin*^ cells) accounted for all of the cell types present 
in the colonies. At least one non-neural marker, the muscle 
determination gene product MyoD, was not detectable by 

30 immunocytochemistry in these colonies, even though MyoD"^ cells were 
identified in control explant cultures of E9.5 somitic mesoderm (data not 
shown). ES cells (not from ES colonies) cultured for 7 days in the 
same differentiation conditions at high cell densities do not express the 
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neuronal markers MAP2 or P-lll tubulin. Thus, at relatively high all 
densities, ES cells nnust be specified to a neural identity (neural stem 
cell colonies) in order to differentiate into neurons and glia. 

To further examine the lineage commitment of the ES-derived 
5 sphere colonies, we analyzed the expression of genes restricted to 
neural and non-neural lineages using RT-PCR analysis (Figure 2B). 
Sphere colonies did not express the early mesoderm-specific 
transcription factor brachyury (Beddington et al., 1992), which is 
abundant in EB (Elefanty et a!., 1997). Sphere colonies expressed the 

10 early endodermal marker GATA4, a zinc finger transcription factor that 
binds to a core GATA motif in the cis regulatory elements of many genes 
(Arceci et al., 1993). However, the gene HNF-4, which is a later 
endodermal marker (Taraviras et al., 1994; Li et al., 2000), was not 
expressed in ES-derived neural colonies, suggesting only partial 

15 endodermal potential within the colonies, unlike full endodermal 
potential documented for EB differentiation. Consistent with this 
observation, the absence of Otxl, expressed during the formation of the 
anterior visceral endoderm and later in the forebrain (Acampora et al., 
1998), suggest that sphere colonies do not engage in full visceral 

20 endoderm differentiation. Finally, the epidermal marker Cytokeratin-17 
(McGowan and Coulombe, 1998) was not expressed in colonies. 

Specific neural mRNAs were expressed in isolated ES-derived 
sphere colonies. The dorsal telencephalon-specific homeodomain 
transcription factor Emx2 (Simeone et al., 1992), and the hindbrain and 

25 spinal cord specific transcription factor HoxBI (Wilkinson et al., 1989) 
were expressed in the ES-derived neural sphere colonies (Figure 2B). 
However, the anterior neural gene Six3 (Oliver et al., 1995), like Otxl, 
was not expressed. As a control, neural colonies derived from E14.5 
forebrain germinal zone were assayed for the expression of 

30 lineage-specific genes. Although neural specific gene expression was 
confirmed in these samples (Figure 2B) expression of the non-neural 
genes brachyury, GATA4 and HNF-4 was not observed (data not 
shown). In addition, ES cells freshly trypsinized from their feeder-layers 
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were also used as controls. With the exception of GATA4, Otx1 and 
HNF4, the unmanipulated ES cells express all of the genes tested, and 
indeed are known to non-specifically express a variety of genes 
(Elefanty et al., 1997). Interestingly, neural-specific gene expression 
5 persisted in the sphere colonies, whereas the mesodermal marker 
Brachury was downregulated in the transition from ES cells to neural 
colonies. Thus, sphere colonies generated through the proliferation of a 
single neural cell are specified to primarily a neural identity and are 
composed of both neuronal and glial lineages. The fact that some 

10 non-neural genes (e.g. GATA4) are expressed in sphere colonies may 
suggest that these specified neural stem cell derived colonies are not 
completely committed to a neural fate, but may retain pluripotent or 
more primitive characteristics (see below) than the neural stem cells 
isolated from the embryonic and adult nervous system. Furthermore, the 

15 vast majority of non-colony forming ES cells adopt a neural (and even 
neuronal) cell fate as early as 24 hours (see below). The absence of 
Otx1, which is expressed in the anterior neural tube and anterior visceral 
endoderm, further may indicate that early anterior-posterior polarity is 
not intrinsic to sphere colonies. 

20 Example 3 

LIP functions as a permissive factor for neural stem cell 
differentiation of ES cells 

The ability of LIP to specifically promote neural colony formation in 
serum-free media (in the absence of exogenous growth factors) may 

25 indicate that LIP induces uncommitted ES cells to a neural fate in 
primary cultures. However, there are numerous examples in the 
literature where the presence of LIP was necessary to maintain ES cells 
in an undifferentiated state (reviewed in O'Shea, 1999), while LIP 
withdrawal was coincident with differentiation (e.g. Doetschman et al., 

30 1985). Two observations in the present study suggest that LIP may act 
in a permissive manner to enable ES cells to adopt a neural stem cell 
fate. 

Pirst, since neural stem cells isolated from the E8.5 neural plate 
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are dependent upon FGF (Tropepe et al., 1999), it was tested whether 
endogenous FGF signaling mediates neural colony formation in primary 
ES cell cultures in the presence of LIF. We utilized a 
FGF-receptor-1 -deficient {FGFRIW) ES cell line (compared to a 
5 FGFRK-"^-) control cell line; Ciruna et a!., 1997) and assayed for neural 
colony formation. In the absence of functional FGFR1 signaling, the 
ability of ES cells to adopt a neural stem cell fate and generate colonies 
after 7 days in vitro was diminished by 82% in the presence of LIF 
(Figure 3A), suggesting that ES cells may be responding to 

1 0 endogenous FGF that is released by the ES cells. Consistent with this 
notion, the addition of an anti-FGF2 antibody to a primary ES cell culture 
in the presence of LIF caused a >95% decrease in the number of neural 
colonies observed after 7 days (Figure SB). These results demonstrate 
that although the addition of exogenous FGF2 is not necessary for 

15 neural colony formation in the presence of LIF, endogenous FGF 
signaling is required. 

Second, exogenous LIF can enhance the numbers of 
FGF-responsive neural stem cells from the E9.5 forebrain that 
proliferate to form sphere colonies in the presence of FGF2, compared 

20 to cultures with FGF2 alone (Figure 3C), but LIF alone is not sufficient for 
E9.5 neural stem cell proliferation. Furthermore, LIF (as well as B27) 
can promote the repeated subcloning of ES-sphere colonies that are 
FGF-dependent. These results indicate that although LIF is critical for 
the early transition of ES cells into colony-forming neural stem cells, it 

25 may act primarily as a permissive factor to maintain cell survival in these 
minimal conditions. In contrast, FGF signaling is critical at all stages of 
neural stem cell colony formation, but it is unclear if it is involved in the 
induction of the neural differentiation of ES cells or simply in promoting 
proliferation in our colony-forming assay. 

30 Example 4 

Inhibition of TGFp-related signaling enhances neural stem cell 
differentiation of ES cells 

Given that very few of the cultured ES cells generated sphere 
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colonies (--0.2%), it was sought to determine if the release of 
endogenous BMP from the ES cells inhibited neural sphere colony 
formation, as would be predicted from the neural default model. To test 
whether BMP could inhibit ES sphere colony formation, BMP4 (5 ng/ml) 
5 was added to ES cell cultures containing LIF and FGF2. A greater than 
50% decrease in the number of sphere colonies generated was 
observed and this effect appeared to be maximal since a 5-fold 
increase in BMP4 concentration did not further significantly attenuate the 
number of sphere colonies generated (Figure 4A). The addition of the 

10 BMP protein antagonist Noggin (100 pg/ml) to the primary ES cell 
cultures caused a 50% increase in the number of sphere colonies 
generated (Figure 4B). This increase appeared to be maximal since an 
increase in Noggin concentration from 10 pg/mi to 100 |jg/ml resulted in 
no additional increase in the numbers of sphere colonies generated. 

15 It is evident that although Noggin can enhance the numbers of ES 

cells that differentiate into neural colony-forming stem cells, the effect is 
moderate. It is possible that Noggin may eventually lose its activity and 
degrade with our extended culture periods. Alternatively, Noggin is 
known to be less effective than Chordin in neural induction assays in 

20 Xenopus (Lamb et al., 1993) and targeted null mutations in both Noggin 
and Chordin are required to demonstrate anterior neural development 
deficits in mice in vivo (Bachiller et a!., 2000). Thus, the moderate 
increase in the numbers of ES cells that will differentiate into neural 
sphere colony-forming stem cells in the presence of exogenous Noggin 

25 may underestimate the role for BMP-mediated inhibition of neural stem 
cell colony formation. Certainly, BMP4 and BMP-receptor-1 are 
expressed by undifferentiated ES cells (Elefanty et a!., 1997). To 
determine more directly the effect of blocking BMP signaling, we utilized 
an ES cell line with a targeted null mutation in the Smad4 gene (Sirard 

30 et al., 1998), an intracellular transducer of TGFp-related signaling 
(Wrana, 2000). Since Smad4 is a critical common component for 
multiple TGFp-related signaling pathways, we reasoned that a null 
mutation in the Smad4 gene would abrogate most of the BMP signaling 
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that could potentially inhibit neural sphere colony formation. Smacl4(-^-) 
ES cells cultured in the presence of LIF generated a 4-5 fold increase in 
the nunnbers of neural sphere colonies, compared to the wildtype E14K 
cell line used to generate the targeted mutation (Figure 4C). The 
5 baseline numbers of sphere colonies generated by wildtype R1 ES 
cells (26.3 ± 5.4) and wildtype E14K ES cells (25.7 ± 6.7) cultured at 20 
cells/Ml were not significantly different (t = 0.08, p>0.05). Interestingly, the 
rate of proliferation between wildtype and Smad4-^-> cells in high or low 
serum concentration is similar, indicating that the increase in the 

10 number of colonies from mutant ES cells is likely not a result of a 
general increase in proliferation. The increase in neural colonies in 
Smad4(-^-) was greater than the augmented numbers of sphere 
colonies observed in the presence of exogenous Noggin, possibly 
because Smad4 inactivation is more effective in inhibiting BMP 

15 signaling. Taken together, these results indicate that BMP4 signaling 
has a specific effect in limiting the numbers of single ES cells that 
differentiate into colony forming neural stem cells and that inhibition of 
this pathway is sufficient to enhance neural stem cell colony formation. 
Importantly, the Smad4-^-) primary neural stem cell derived colonies did 

20 not passage at a greater rate compared to control primary neural stem 
cell colonies (data not shown), suggesting that the effect of the mutation 
is on the transition from ES cell to neural stem cell and not on the later 
symmetrical division of the neural stem cells. 

The secreted factor Cerberus is a potent neural inducer in 

25 Xenopus (Bouwmeester et al., 1996), [as is the mouse homologue 
Cerberus-like (Belo et al., 1997)] and acts by antagonizing BMP 
signaling (Pearce et al., 1999; Piccolo et al., 1999). To determine 
whether Cerberus can interfere with neural stem cell commitment in 
mammalian cells, we cultured primary ES cells in the presence of LIF in 

30 media containing supernatant collected from transiently transfected 
Neuro2a cell lines producing mouse Cerberus-like (mCer-1) protein. 
The presence of 20% (v/v) of mCer-1 supernatant in 0.5 ml serum-free 
media + LIF resulted in close to a 50% increase in the numbers of 
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primary neural stem cell colonies generated, compared to control ES 
cell cultures containing equivalent proportions of supernatant from cell 
lines similarly transfected with the backbone vector without the mCer-1 
gene (Figure 4D). A similar increase in sphere colony formation was 
5 also observed when using supernatant collected from a transiently 
transfected COS7 cell line (data not shown). Again consistent with the 
default model, mCer-1-mediated inhibition of BMP signaling can 
enhance the frequency with which single ES cells differentiate into 
colony forming neural stem cells. More over ES derived neural colonies 

10 in the presnce of mCer-1 enriched media but not in the presence of the 
control media, express Otx-1 (data not shown), indicating that mCER-1 
also may anteriorize the neural colony cells. Wnt proteins are known to 
inhibit neural differentiation (Harland and Gerhart, 1997) and Cerberus 
can antagonize Wnt signaling (Piccolo et al., 1999). However, the effect 

1 5 of exogenous mCer-1 on neural colony formation was not greater than 
exogenous Noggin, and substantially less than the effect of a Smad4 
mutation, suggesting that under these conditions additional Wnt 
antagonism may not be required for ES-derived neural colony formation. 
Example 5 

20 Neural cell fate is rapidly established from ES cells in the absence of 
exogenous factors 

An analysis of neural cell differentiation from ES cells at an 
earlier time period in culture would facilitate a more accurate estimate of 
the number of ES cells that differentiate into neural cells. 

25 It was predicted that if ES cells were acquiring a neural identity by 

default, they would express neural markers at very early stages during 
the culture period. To test this, ES cells (seeded at 10 cells/Ml) were 
allowed to adhere to a poly-ornithine substrate and the proportion of ES 
cells that differentiated into neural cells after 24 hours in the absence of 

30 serum and LIF was determined. After 24 hours in culture, 69.9 ± 4.6% of 
ES cells were non-viable in the absence of growth factors (estimated 
using trypan blue exclusion, n=4 separate culture wells). Therefore, in 
addition to TGFp-related inhibition, the low frequency of ES cells 
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differentiating into neural cells may be a result of extensive cell death in 
long-term culture assays. However, of the remaining 30% of viable cells, 
82% were immunoreactive for the neuroepithelial marker nestin in the 
absence of growth factors (Figure 5A). Although, the percentageof viable 
5 cells after 4 hours was significantly greater (about 90%), the frequency 
of nestin+ cells at this earlier time point was similar (70-80%). The 
majority of the nestin+ cells had a relatively large, flattened and irregular 
morphology with prominent filamentous immunolabeling within the 
cytoplasm. A smaller subpopulation (51%) of the nestin+ cells were also 

10 immunolabeled for the immature neuronal marker pill-tubulin (51%) 
and NeuN (29%), many of which had a relatively small soma with very 
little perinucler cytoplasm, and evidence for thin cytoplasmic processes 
resembling leading and trailing processes of a bipolar neuronal 
morphology (Figure 5B). The addition of LIF and FGF2 to these culture 

15 conditions did not significantly alter the percentage of ES cells that 
differentiated into neural cells. These data indicate that within 24 hours, 
ES cells may be competent to directly differentiate into neural cells at 
low cell densities and serum-free conditions in the absence of 
exogenous growth factors. 

20 A second prediction that can be made from the default model of 

neural fate specification is that an increase in cell density will facilitate 
inhibitory intercellular communication (cells in close proximity) and 
attenuate the numbers of ES cells differentiating into neural cells. To 
test this, we cultured ES cells in identical conditions for 24 hours, but 

25 increased the cell density by 5-fold (to 50 cells/jjl). At this relatively 
higher cell density, the proportion of nestin+ cells was reduced from 
82% to 40% (t = 2.98, p<0.05) in absence of growth factors and from 
70% to 51% (t = 2.79, p<0.05) in LIF+FGF2. The proportion of 
pill-tubulin+ cells was reduced from 51% to 13% (t = 4.07, p<0.05) in 

30 absence of growth factors and from 53% to 7% (t = 5.63, p<0.05) in 
LIF+FGF2 (Figure 5A, B). LIF + FGF2 did not affect the reduction in cells 
expressing the neural markers at higher cell densities (data not shown). 
To exclude the possibility that a subpopulation of ES cells at the 
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start of the 24-hour culture period were already committed to a neural 
fate, we tested whether ES cells just prior to culturing expressed the 
ICM/ES cell nuclear marker Oct-4, a POU transcription factor (Nichols et 
al., 1998). After ES cells were trypsinized from their feeder layers and 
5 washed in serum-free media, the cell suspension was fixed in 4% 
paraformaldehyde and allowed to adhere to a poly-ornithine substrate 
before immunolabeling with an anti-Oct-4 anbtibody. Using this method, 
all of the ES cells retained their rounded morphology and were 
immunoreactive for Oct-4 (localized to the nucleus), but none expressed 

10 nestin. As control, forebrain-derived sphere colony cells expressed 
nestin under this immunolabelling protocol, but were negative for Oct4 
expression. Next, it was tested whether the remaining non-nestin 
immunoreactive population after 24 hours in our low-density cultures 
retained their ES cell identity. All of the non-nestin immunoreactive cells 

15 (17%) expressed nuclear Oct-4 at cell densities of 10 cells/pl (Figure 
5C). The Oct-4-^ cells had a rounded morphology with a thin rim of 
perinuclear cytoplasm that was distinct from the morphology of nestin+ 
cells. Furthermore, we observed a trend toward an increase in nuclear 
Oct-4-immunoreactivity (up to 26%) when ES cells were cultured at a 

20 5-fold higher cell density (Figure 5C), which was inversely proportional 
to the relative decrease in nestin and plll-tubulin expression at the same 
high cell densities. Thus, increased cell density inhibits neural cell 
differentiation and may facilitate the maintenance of ES cells in an 
undifferentiated state. 

25 Example 6 

Neuronal differentiation is enhanced in Smad4(-^-) ES cells 

To determine whether TGFp signaling influences the extent to 
which ES cells adopt a neuronal phenotype in the short term 
differentiation assay, as it did the acquisition of the neural stem cell 

30 phenotype (see above), Smad4(-^-) ES cells were cultured at relatively 
high cell densities (50 cells/|jl) for 24 hours and double-immunolabeled 
for nestin and plll-tubulin. Under these conditions, neuronal 
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differentiation from wildtype ES cells is relatively low. The number of 
nestin-" cells that differentiated from Smad4(-^-) ES cells after a 24 hour 
culture period increased slightly, but not significantly to 71% compared 
to 58% in the E14K wildtype control ES cells (Figure 5D). However, a 
5 more substantial increase in plll-tubulin+ neurons (26%) was observed 
from the Smad4-^-) ES cells, compared to the E14K control ES cells 
(10%; t = 2.62, p<0.05), and a greater number of the Smad4(-^-) ES cells 
demonstrated a more elaborate neuritic morphology. Thus, at a 
relatively high cell density, inhibition of the BMP signaling pathway 
10 resembles increased cell dilution in its effectiveness in facilitating 
neural cell differentiation from ES cells. 
Example 7 

ES-derived neural stem cell colonies contribute extensively to all 
embryonic tissues in chimeric mice 

15 Neural stem cells derived from the embryonic and adult central 

nervous system demonstrate neural multilineage potential (Weiss et al., 
1996). Similarly, neural stem cells derived from ES cells generate 
progeny that are specified to a neural fate and differentiate into neurons 
and glia. To determine if neural stem cell colonies have a broader 

20 potential to generate non-neural lineages, we performed mouse 
chimeric analyses. ES cells introduced into a blastocyst or aggregated 
with a morula predominantly contribute to the epiblast of the developing 
embryo, whereas extraembryonic tissues are primarily of host origin 
(Beddington and Robertson, 1989). As mentioned previously, cells 

25 within ES-derived neural colonies (adhered for 24 hours) express the 
undifferentiated neural marker nestin throughout all stages of colony 
formation. It was further determined that within 14 |jm cryosections of 
whole ES sphere colonies after 7 days in culture all of the cells 
appeared to express nestin, which is similar to nestin expression in 

30 sectioned forebrain derived neural stem cell colonies. However, no 
nuclear Oct4-expressing cells in ES sphere colony sections or forebrain 
colony sections (data not shown) were observed, suggesting that no 
cells within ES derived neural colonies maintained an undifferentiated 
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ES cell phenotype. 

Blastocyst-stage or morula-stage embryos were used as hosts 
and neural stem cell colonies derived either from: (a) embryonic or adult 
forebrain tissue from mice harboring a ubiquitously expressed LacZ 
5 transgene (ROSA) (Friedrich and Soriano, 1991) or a ubiquitously 
expressed green fluorescent protein transgene (GFP) (Hadjantonakis et 
al., 1998); or (b) ES cells harboring a yellow or cyan fluorescent protein 
transgene (YFP, CFP) (gifts from Drs. Hadjantonakis and Nagy). 
Approximately 92% (22/24) of the single YFP or CFP ES-derived 

10 colonies aggregated with morulas after 24 hours in vitro contributing to 
the ICM in normally developed blastocysts (Figure 6A, inset) and had 
substantial contribution to ail embryonic tissues in embryos recovered 
from pseudopregnant females at E9.5 (Figure 6A). However, blastocyst 
injections of cells derived from El 4.5 or adult ROSA neural colonies did 

15 not integrate into the ICM of the host embryos after 24 hours and in 
many cases tended to adhere to the host mural trophectoderm. 
Embryos recovered between E7.5 and E8.5 from these chimeras did not 
contain any LacZ+ cells (0/19). Furthermore, E14.5 ROSA or E9.5 GFP 
neural stem cell colonies were unable to aggregate with morulas over a 

20 24-hour period. Neural stem cell colonies were apparently unable to 
adhere to the host embryonic cells in the morula aggregates. 
Consequently, host morulae developed normally over the 24-hour 
culture period into healthy blastocysts while the sphere colonies 
remained outside of the embryo (Figure 6B, C). To test whether 

25 ES-derived sphere colonies (that readily adhere to morula cells) could 
facilitate the integration of colonies derived from the E9.5 forebrain, we 
cultured CFP ES colonies with GFP E9.5 colonies together with the host 
morula. In all cases, no E9.5 GFP colonies were observed to integrate 
(0/18), even though in many cases the CFP ES colonies did. These data 

30 suggest that ES derived neural stem cell colonies are competent to 
colonize many different tissues when exposed to an appropriate 
environment. However, this ability is only transient since neural stem 
cell colonies isolated from embryos in the earliest stages of neural 
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development do not appear to have the same capacity (e.g. adhere to 
morula cells or integrate into ICM) to contribute to chimeric mice. Thus, 
the pluripotency of neural stem cells may only be evident in the earliest 
stages of the ES to neural transition, before the neural cells become 
5 more restricted. 
EXAMPLE 8 

Undifferentiated ES cells and differentiated neural cells are distinct 
populations, even in high cell density, serum-containing cultures 

It is evident that even at high cell density some ES cells can start to 

10 express neural markers (e.g. Figure 2B), raising the possibility that 
some of the Nestin expression we are detecting at low densities after 
24 hours is normally present in undifferentiated ES cells at high 
densities. As reported above, morphologically distinct Nestin+ cells 
were separate from Oct4+ undifferentiated ES cells in serum-free, low- 

15 density conditions (Figure 5). However, we further tested whether 
undifferentiated ES cells also expressed Nestin when cultured at high 
cell densities (--100 cells/ml) on a gelatin substrate in the presence of 
15% FCS and LIF. After 24 hours in culture, many circumscribed 
undifferentiated ES cell colonies were observed, as well as separated 

20 cells distributed diffusely between the clusters. We found that the 
clusters of cells with the typical undifferentiated ES cell morphology do 
not express Nestin (Figure 7A, B). However, separate Nesting cells 
(16.1 ± 3.4% of the cells per well) were observed between clusters and 
their morphology resembled Nestin+ cells from the low cell density 

25 cultures. In contrast, cells within the clusters expressed SSEA-1 (Solter 
and Knowles, 1978), an ES cell specific marker (65,3 ± 3.9% of the cells 
per well) (Figure 7C, D). Importantly, the population of cells expressing 
SSEA-1 did not overlap with the population of cells expressing Nestin, 
confirming the results we obtained in serum-free, low-density 

30 conditions. These findings may indicate that there is a direct phenotypic 
change from ES cells to neural cells. This direct phenotypic change is 
substantially inhibited at high cell densities, confirming our earlier 
experiments. There were significantly fewer (t = 9.3, p<0.05) Nestin+ 
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cells in these high density cultures than the 82% Nestin+ cells seen in 
our low density ES cultures after 24 hours (see above), again confirming 
our previous results of inhibition of neural differentiation with increasing 
cell density after 24 hours. 

It is possible that in the absence of a feeder cell substrate, some ES 
cells can escape neural inhibition especially in cell-sparse regions of 
the culture. To determine whether feeder cells can maximally inhibit the 
neural differentiation of ES cells, we cultured CFP ES cells on a feeder 
layer substrate at high cell densities in the presence of 15% FCS and 
LIF (our typical ES cell propagation and maintenance culture 
conditions). Greater than 98% viability of ES cells was observed when 
cultured under these conditions prior to immunostaining. Furthermore, 
the CFP ubiquitously expressed in the ES cells allowed us to 
unambiguously distinguish positive immunoreactivity between ES cells 
and feeder cells. Under these conditions, all of the CFP+ ES cells 
expressed nuclear Oct4, but were negative for nestin expression. 
Similar results were observed using the SSEA-1 antibody. However, 
cells from embryonic forebrain derived sphere colonies cultured for two 
days on feeder cells were positive for nestin expression, but negative for 
Oct4 and SSEA-1 expression. Thus, under optimal culture conditions, 
ES cells maintain an undifferentiated ES cell phenotype and express 
ICM/ES specific markers, but do not express nestin. We conclude that in 
the absence of feeder-derived or serum-derived factors and at low cell 
densities, ES cells undergo a direct phenotypic change towards a 
neural fate, which is consistent with a default mechanism of neural fate 
specification. 

DISCUSSION OF EXAMPLES 1-8 

Neural cell fate specification during mammalian development 

Once the primordium of the embryo proper is established (i.e. the 
segregation of ES cells in the ICM from extraembryonic tissues), the 
formation of the neural lineage is under inhibitory control. The present 
findings suggest that in isolation at relatively low cell densities, ES cells 
have an autonomous tendency to differentiate into neural cells, but that 
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this tendency is partially mitigated by intercellular signals (stronger at 
higher densities) that inhibit neural differentiation. In vivo, where cell 
density and neural inhibition are maximal the differentiation of the neural 
stem cell lineage is highly dependent on the suppression of neural 
inhibition. In the foregoing examples, it was demonstrated that mouse 
ES cells adopt either a primitive neural stem cell fate or a neuronal cell 
fate in the absence of exogenous serum- or feeder layer-derived signals 
and in the absence of cell-to-cell contact in a low cell density, 
chemically-defined culture environment. Furthermore, blocking 
TGFp-related signaling can augment the proportion of either neural 
stem cell colony formation or neuronal differentiation, consistent with 
similar neuronal differentiation evidence in a variety of vertebrate 
species (Sasai et a!., 1995; Wilson et al., 1997; Fainsod et al., 1997; 
Hoodless and Hemmati-Brivanlou, 1997; Grinblat et al., 1998). It was 
also demonstrated that even at relatively low cell densities, ES cells 
secrete TGFP-related neural inhibitors (e.g. BMP4) to limit the proportion 
of cells adopting a neural phenotype, a process that is similarly thought 
to occur in the epiblast during gastrulation in vivo (Beddington and 
Robertson, 1999). This may explain why a decrease in cell density did 
not increase the proportion of ES derived primitive neural stem cell 
colonies after 7 days. However, a cell density-dependent change in 
neural differentiation of ES cells was observed after 24 hours. It is 
possible that although these low-density conditions alleviate some 
neural inhibition (mediated primarily by TGFb signaling), colony forming 
primitive neural stem cells may be more sensitive to very low 
concentrations of TGFb. Thus, in the absence of all TGFb signaling (e.g. 
Smad4-A ES cells), enhanced primitive neural colony formation is 
observed. Furthermore, if a default mechanism is solely responsible for 
neural stem cell fate specification, then other antagonists of neural 
inhibition in addition to TGFb inhibitors may be required under our 
culture conditions in order to maximally promote an ES-to-neural 
default. However, the findings also suggest that the default 
neuralization in mammalian cells may not be homologous with default 



-42- 



neuralization in amphibian cells. 

In Xenopus, ectodermal cells differentiate into epidermis as their 
alternate fate when neural differentiation is inhibited. Given that neural 
fate specification was assessed in totipotent ES cells, and while not 
5 wishing to be bound to any particular theorem, it was postulated that 
three possibilities exist for the acquisition of non-neural cell fates in this 
model. First, an alternate fate for ES cells under our defined culture 
conditions may be epidermis, which would indicate that mouse default 
neuralization is homologous with Xenopus default neuralization. 

10 Second, any non-neural cell type (including epidermis) may be 
established in a stochastic manner. Finally, an ES cell phenotype may 
be maintained in the absence of neural differentiation. These latter two 
possibilities would indicate that mouse default neuralization may be 
analogous, but not homologous, to Xenopus default neuralization. 

15 Again, while not wishing to be bound to any one theory, the results 
(Figure 5) are consistent with the third possibility; the alternative to 
neural default for mouse ES cells may be to maintain the 
undifferentiated ES cell fate. When cell density is increased in the 24 
hour differentiation paradigm, the proportion of nuclear Oct-4 expressing 

20 ES cells increased, compared to the decrease in pill-tubulin expressing 
neurons. Thus, although the establishment of a neural phenotype may 
be under inhibitory control (a default mechanism), additional signals 
may be required to drive ES cell differentiation into various non-neural 
lineages - signals that are likely to be absent or below threshold in the 

25 present culture conditions. 

Recent evidence suggests that under the influence of a stromal 
cell line, ES cells can respond to neural inhibitors (in this case BMP4) 
by differentiating into epidermal cells (Kawasaki et al., 2000). These 
data suggest that the influence of the stromal cell line may facilitate 

30 ectodermal commitment in ES cells, which will then allow these cells to 
respond to neural inhibitors in a manner that is identical to amphibian 
ectodermal cells. Therefore, the alternative to a default neural cell fate 
may be dependent on the degree of commitment toward a particular 
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lineage. 

Both LIF and FGF are required for the initial transition of ES cells 
into neural colony forming stem cells. This raises the question of 
whether the functions of LIF and FGF are to induce neural stem cell 
differentiation of ES cells, which would not support the notion of neural 
fate being achieved autonomously. Although LIF and FGF are required 
for neural colony formation, the majority of ES cells can take on a neural 
identity within 24 hours in culture in the absence of any exogenous 
growth factors. Furthermore, the influence of Smad4 inactivation on 
neuronal differentiation (at relatively high densities) indicates that simply 
attenuating TGFP-related signaling can promote neural specification 
under relatively inhibitory (high-density) conditions. Finally, preliminary 
experiments reveal that blocking extracellular FGF signaling using 
anti-FGF2 antibodies in relatively low cell density cultures does not 
appreciably decrease the percentage of nestin-expressing cells after 24 
hours of differentiation in the absence of LIF. While not wishing to be 
bound by any one theory, the hypothesis that LIF and FGF (specifically 
FGF2) are acting permissively to specify a neural fate is supported by 
the results of targeted null mutations. For instance, the formation of 
neural tissue and subsequent early neural morphogenesis is relatively 
normal in mice lacking the LIF receptor (LIFR) (Li et al., 1995). Moreover, 
in the FGFR1 null mice (the primary receptor for FGF2), early 
gastrulation and neural tube formation was relatively normal 
(Yamaguchi et al., 1994). However, evidence for neural stem cell 
proliferation deficits in FGFRK-^-) mice (Tropepe et al., 1999) as well as 
motor neuron differentiation deficits in LIFR(-^') mice (Li et al., 1995) 
indicate that these factors are important for neural development at 
slightly later stages. Thus, again, not wishing to be bound by any one 
theory, we speculate that the primary roles for FGF and LIF are 
permissive ones and that ES cells autonomously adopt a neural cell 
fate. Our non-binding proposition is that LIF may initially maintain ES 
cell survival in these minimal culture conditions, whereas FGF may act 
primarily as a mitogen for neural stem and progenitor cell proliferation. 



-44- 



In contrast to the ICM and subsequent epiblast cells, ES cells can 
express the neural precursor marker nestin and the early neuronal 
marker plll-tubulin within 24 hours when dispersed in culture in the 
absence of exogenous factors. The onset of nestin expression in vivo 
5 occurs at approximately E7.5 within the neuroepithelium of the 
presumptive neural plate (Lendahl et al., 1990) and neuronal 
differentiation begins thereafter. One possibility, which is merely a 
theory to which we do not wish to be bound, that emerges from our 
findings is that the potential for cells within the ICM or epiblast to behave 

10 like primitive neural stem cells in vivo is actively suppressed. For 
example, epiblast cells in vivo may be competent to differentiate into 
neurons, but the absence of neurons prior to neurulation (even after a 
neural fate has been specified) suggests these cells may be inhibited 
from precocious neuronal differentiation. One intriguing non-binding 

15 theory is that the Notch signaling pathway may partially prevent neuronal 
differentiation by maintaining newly generated neural stem cells in an 
undifferentiated state. For example, functional inactivation of the mouse 
Su(H)/RBP'Jk gene, a downstream intracellular target of multiple Notch 
receptors, results in premature neuronal differentiation within the neural 

20 plate (de la Pompa et al., 1997). Similarly, functional inactivation of the 
mouse bHLH transcription factor HES1, which negatively regulates 
neuronal differentiation via Notch activation, resulted in diminished 
forebrain neural stem cell self-renewal and a concomitant increase in 
neuronal differentiation (Nakamura et al., 2000). 

25 Studies aimed at testing the role of BMP inhibition in neural fate 

specification using avian epiblast cells have come to different 
conclusions. BMP inhibition (by noggin or chordin) was not sufficient for 
ectopic neural cell differentiation in extraembryonic tissue (Streit et al., 
1998; Streit and Stern, 1999), and dissociated epiblast cells 

30 preferentially adopted a muscle cell phenotype in culture 
(George-Weinstein et al., 1996). Combinations of multiple BMP 
inhibitors, or BMPAA/nt inhibitors may be required for avian neural 
differentiation to occur. Both BMP and Wnt inhibition causes a more 
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complete secondary axis to form in Xenopus transplantation 
experiments (Glinka et al., 1997). In addition, the generation of mice 
harboring targeted null mutations in both Noggin and Chordin, indicate 
that these two BMP inhibitors may function in concert to exert their 
5 effects on neural inhibition during mouse development (Bachiller et al., 
2000). In the present study, mCer-1 (known to antagonize BMP, nodal 
and Wnt signaling) (Piccolo et al., 1999) was similarly effective at 
augmenting neural stem cell colony formation when compared to 
Noggin, suggesting that Wnt signaling alone may not actively suppress 

1 0 the ES to neural transition. 

Cell density and culture media conditions employed in some 
chick studies (George-Weinstein et al., 1996) indicate that the results 
may in fact be consistent with the neural default model. Although the 
epiblast cells were cultured at relatively low cell densities (--15 cells/|jl), 

15 they were pre-treated at high cell densities (--400 cells/pl) for up to 5 
hours in the presence of serum and chick embryo extract 
(George-Weinstein et al., 1996) a condition likely to suppress neural cell 
differentiation. Interestingly, these authors reported that 
neurofilament-expressing chick neurons, when present, were found in 

20 relatively cell-dispersed regions of the cultures, whereas muscle cells 
were typically aggregated. Thus, these data provide clear examples of 
how neural differentiation can be inhibited in epiblast cells upon 
aggregation. 

A primitive stage in the neural stem cell lineage 

25 The ontogenesis of tissue-specific mammalian stem cells is not 

well understood. In the present study we identified a novel cell type in 
the neural lineage based on the degree of neural commitment and 
growth factor responsiveness in vitro and the potential to give rise to 
neural and non-neural progeny in vivo. This cell type may be suitably 

30 described as a primitive neural stem cell. This term has been used 
previously to describe a stem cell that is primarily tissue-specific, but 
that retains a certain degree of pluripotency during a restricted early 
period of development (Morrison et al., 1997). 
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With the exception of the hematopoietic stem cell (Weissman, 
2000), our knowledge of the ontogeny of stem cells in other mammalian 
organ systems is comparatively limited. Clonal neural colonies 
generated from ES cells share similar features to clonal neural stem 
5 cell colonies described from the embryonic forebrain germinal zone. At 
a very low frequency (^0.2%), single ES cells proliferate in a LIF- and 
FGF-dependent manner to form neural colonies that express multiple 
neural precursor markers (e.g. nestin, Emx2, Hoxb1), even though the 
vast majority of ES cells up-regulate nestin expression and 

10 down-regulate nuclear Oct-4 expression within 24 hours. We previously 
demonstrated that the proportion of FGF-dependent neural stem cells 
isolated from nestin-expressing precursors of the E8.5 anterior neural 
plate was similar (-0.3%) (Tropepe et al., 1999), and forebrain neural 
stem cell colonies express similar region-specific patterning genes 

15 (present study). Thus, the mechanism for segregating a subpopulation 
of colony-forming neural stem cells among a larger population of neural 
cells may be recapitulated during neural fate specification from ES cells. 
This raises the question of whether the first neural cell to arise in the 
nervous system is a neural stem cell or whether the first neural 

20 derivative is a general neural precursor cell that precedes (or is 
generated simultaneously with) the emergence of the neural stem cell 
lineage (van der Kooy and Weiss, 2000). 

The ES cell-derived colonies are typically spheroid in morphology 
and many float in suspension as has previously been described for 

25 neural stem cell-derived colonies at all ages (Reynolds and Weiss, 
1996). ES cell-derived colonies do not retain ES cell characteristics (e.g. 
do not express Brachyury or Oct-4 protein), but are specified to a neural 
identity, retaining the expression of neural genes such as Emx2 and 
HoxB1. Furthermore, cells derived from the neural colonies can 

30 differentiate into neurons and glia, suggesting that the initial 
colony-forming cell had neural multilineage potential. However, neural 
stem cells derived from ES cells display other features than those 
derived from the embryonic forebrain, which may indicate an earlier 
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primitive stage in the neural lineage. 

First, LIF and FGF are critical for ES-derived neural stem cell 
colony formation and subsequent subcloning (stem cell self-renewal). 
This is in contrast to neural stem cells isolated from embryonic or adult 
5 tissues, where either exogenous FGF or EOF is sufficient for colony 
formation and subcloning (Reynolds et al., 1992; Reynolds and Weiss, 
1992). The nature of the LIF effect on the ES to neural transition is not 
completely understood. Although CNTF can substitute for LIF in 
maintaining ES cells in an undifferentiated state (Conover et al., 1993; 

10 Nichols et al., 1994), it does not substitute for LIF in promoting neural 
colony formation from ES cells, and LIF alone can not elicit neural 
colony formation from embryonic derived tissue. Thus, LIF does not 
appear to maintain neural colonies in an undifferentiated ES state or act 
as a mitogen. Instead, LIF may act as a survival factor (reviewed in 

15 Mehler and Kessler, 1997) that is initially required for ES cell viability. 
Subsequently, LIF can facilitate colony formation from early embryonic 
neural stem cells (presumably by keeping more stem cells alive 
longer), but it is not absolutely required. Hence, growth factor 
requirements may be sequentially modified from a primitive neural stem 

20 cell stage (LIF- and FGF-dependent) to an early embryonic neural stem 
cell stage (only FGF-dependent), and finally to a relatively mature neural 
stem cell stage where both FGF- and EGF-dependent subpopulations 
co-exist from late embryogenesis into adulthood (Figure 7). A similar 
role has been attributed to LIF with respect to the survival of primordial 

25 germ cells in cultures. Congruent with our results, CNTF was not able to 
substitute for LIF in keeping primordial germ cells alive, even though 
embryonic germ cells (an ES-like cell derived from primordial germ 
cells) could be propagated with several members of the LIF family of 
ligands, including CNTF (Koshimizu et al., 1996). However, further 

30 studies will be required to determine more precisely the factors that 
mediate the transition from a LIF- and FGF-dependent primitive neural 
stem cell to a definitive FGF-dependent neural stem cell that can give 
rise to EGF-dependent stem cells at later embryonic ages. 
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Second, the expression of neural genes and at least one 
non-neural gene (GATA4) indicates that the neural stenn cell giving rise 
to neural colonies may retain a certain degree of pluripotency or 
primitive characteristics. Most important, this retained pluripotency can 
5 be observed in the ability of sphere colony derived cells to extensively 
colonize various embryonic tissues under appropriate influences in the 
chimeric embryos in vivo (no such pluripotency is shown by neural tube 
derived neural stem cells under similar conditions). Under the culture 
conditions employed in the present study the colony-forming neural 
10 stem cells derived from ES cells are specified, but not committed, to a 
neural fate. 

Therefore, it has been identified a novel cell type in the neural 
lineage based on the degree of neural commitment and growth factor 
responsiveness in vitro and the potential to give rise to neural and 

1 5 non-neural progeny in vivo. This cell type may be suitably described as a 
primitive neural stem cell or a pre-neural stem cell, a term that has been 
used by others (Morrison et al., 1997) to describe a stem cell that is 
primarily tissue-specific, but that retains a certain degree of pluripotency 
during a restricted early period of development. 

20 Lineage restriction in developing neural stem cells may be reversible 
To what extent can the microenvironment dictate the identity of 
neural stem cells and their ability to produce different progeny? We 
demonstrate that ES-derived primitive neural stem cells can produce 
progeny that colonize neural and non-neural tissues in chimeric mice in 

25 vivo. In contrast, we were unable to generate chimeras using neural 
stem cell colonies derived from either the early embryonic or adult 
forebrain. While not wishing to be bound to any one theory, this 
difference would suggest that primitive neural stem cells transiently 
retain their pluripotency, but through development neural stem cells 

30 become restricted in their ability to generate non-neural cell types. This 
restriction, however, may be reversible. 

Clarke et al. (2000) recently demonstrated that a very low 
percentage (6 chimeras out of 600 viable embryos, or 1%) of adult 
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neural stem cell colony cells could contribute to neural and non-neural 
tissues In a mouse chimera paradigm similar to the one we utilized in 
the present study. An increase in the frequency of chimeras was 
observed when undissociated stem cell colonies were injected into the 
mouse blastocoel or chick amniotic cavity (Clarke et al., 2000). 
Consistent with our findings, the degree to which definitive neural stem 
cell-derived progeny (after isolation from embryonic or adult brain) can 
contribute to non-neural tissue in mouse is very restricted, compared to 
the proportion of ES cell derived primitive neural stem cell progeny that 
contribute to neural and non-neural tissues in the present study (22 
chimeras out of 24 viable embryos, or 92%). However, it is clear from 
their analysis of the inductive influence of EB on adult neural stem cell 
colonies in vitro (to form muscle cells), that appropriate inductive 
signals can reveal some potential of neural stem cells to give rise to 
non-neural cells independent of the in vivo environment (Clarke et al., 
2000). One intriguing possibility is that these inductive cues could 
enable some of the definitive neural stem cells to revert to a pluripotent 
primitive neural stem cell stage and subsequently produce progeny 
indicative of all three germ layers. Thus, the delineation of a pluripotent 
primitive neural stem cell stage during neural stem cell ontogeny may 
provide a basis for further understanding the mechanisms governing 
this remarkable cellular plasticity. 

An ES cell paradigm for neural stem cell fate specification 

Several studies have demonstrated neural differentiation from EB 
derived cells, with the addition of specific growth factors (Doetschman et 
al., 1985; Bain et al., 1995; Fraichad et al., 1995; Strubing et al., 1995; 
Okabe et al., 1996; Brustle et al., 1999). Also, BMP4 has been shown to 
suppress neuronal differentiation of EB derived cells (Finley et al., 
1999). Although these observations clearly demonstrate the potency of 
such factors to promote or attenuate neuronal differentiation, each 
experiment initially utilized EB cultures in the presence of serum. Here 
we present an alternative and specific paradigm for neural cell fate 
specification directly from ES cells in serum-free conditions in the 
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absence of EB formation. This paradigm can facilitate, for instance, the 
discovery of genes that positively and negatively regulate the transition 
from an ES cell to a neural cell by utilizing an expression-based gene 
trap library of ES cell lines (Stanford et al., 1998; Seaberg et al., 1999). 
5 Thus, our present findings underscore the potential for using ES cell 
models of mammalian neural development. 

While the present invention has been described with reference to 
what are presently considered to be the preferred examples, it is to be 
understood that the invention is not limited to the disclosed examples. 

10 To the contrary, the invention is intended to cover various modifications 
and equivalent arrangements included within the spirit and scope of the 
appended claims. 

All publications, patents and patent applications are herein 
incorporated by reference in their entirety to the same extent as if each 

15 individual publication, patent or patent application was specifically and 
individually indicated to be incorporated by reference in its entirety. 
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DETAILED DESCRIPTION OF THE FIGURES 

Figure 1. LIF-dependent neural cell colonies are clonally derived from 
single ES cells. (A) ES cells cultured at 20 cells/|jl in chemically defined 
serum-free media proliferate to form sphere colonies in the presence of 
5 LIF (1000 U/ml). Photo inset shows a ES derived sphere colony after 7 
days in culture (scale bar 100 pm). The addition of FGF2 (10 ng/ml) and 
heparin (2 (g/ml) causes a slight, but non-significant increase in the 
numbers of primary sphere colonies compared to LIF alone (t = 1.1, 
p>0.05) or LIF+B27 (t = 1.2, p>0.05). The presence of FGF2+heparin 

10 alone or B27 supplement alone (diluted to one-tenth the stock 
concentration: IX) is not sufficient for colony formation. Data represent 
6-12 cultures per group from 4-11 separate experiments. (B) Cells 
plated at limiting dilution in the presence of LIF revealed that the 
frequency in which at least one neural stem cell will proliferate to form a 

15 sphere colony (37% mark on the ordinal scale) was --0.2% (dashed 
line). Each data point represents the average of 6 cultures from 2 
separate experiments. (C) Sphere colonies are composed of cells with 
neural precursor identity. After 3 days in vitro (relatively small) or 7 days 
in vitro (relatively large) individual sphere colonies (n=6 from each of 2 

20 separate experiments) were transferred to a poly-ornithine substrate 
and allowed to adhere for 24 hours. The expression of the neural 
precursor marker nestin was determined using immunocytochemistry. 
Scale bar 100 pm. (D) Neural colony forming ES cells displayed neural 
stem cell self-renewal characteristics. Single primary colonies 

25 generated in the presence of LIF alone (la) were subcloned in 
LIF+FGF2, FGF2 or LIF to generate secondary colonies. Single primary 
colonies generated in the presence of LIF+FGF2+B27 (lb) were 
subcloned in LIF+FGF2+B27, FGF2+B27 or LIF+B27 to generate 
secondary colonies. Single secondary colonies generated in 

30 LIF+FGF2+B27 (2) were subcloned in LIF+FGF2+B27 to generate 
tertiary colonies. Single tertiary colonies generated in LIF+FGF2+B27 (3) 
were subcloned in LIF-»-FGF2+B27 to generate quaternary colonies. 
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Single sphere colonies from primary culture (n=6-24 isolated colonies 
per condition from at least 2 separate experiments) were dissociated 
into a single cell suspension after 7 days in vitro and re-cultured. 
Secondary colonies derived from single primary colonies were 
5 quantified after 7-10 days in vitro and a similar procedure was used to 
subclone secondary and tertiary sphere colonies. LIF (1000 U/ml), FGF2 
(10 ng/ml), heparin (2 pg/ml), B27 supplement (IX). 

Figure 2. Cells from ES-derived sphere colonies express neural- 
specific genes and differentiate into neurons and glia. (A) Differentiated 
ES sphere colonies contain neurons (MAP2+), astrocytes (GFAP-i-) and 
oligodendrocytes (04+, arrowhead). Data are representative of 18 
cultures from 2-3 separate experiments. (B) Gene expression analysis 
using RT-PCR. RNA was isolated from sphere colonies after 7 days in 
vitro and analyzed for the expression of markers for neural differentiation 
[Emx2 (151 bp), HoxBI (325 bp), Six3 (571 bp), and Otxl (128 bp)], 
endoderm differentiation [GATA4 (809 bp), HNF4 (629 bp)] mesoderm 
differentiation [Brachyury (857 bp)] and epidermis differentiation 
[cytokeratin-17 (CK-17) (833 bp)]. To normalize for the amount of cDNA 
present in the sample, the cDNA for GADPH (401 bp) was amplified. R1 
refers to primary ES cells; SC refers to ES-derived sphere colony; + 
refers to positive tissue control (forebrain, hindbrain, somitic 
mesoderm, liver, skin). Data are representative of at least 3 separate 
experiments. Scale bar; 20 mm. 

Figure 3. Endogenous FGF-signaling mediates LIF-dependent primary 
25 neural colony formation. (A) Signaling through FGF-receptor-1 is 
required for neural colony formation. ES cells with a homozygous null 
mutation in the gene encoding FGF-receptor-1 (fgfrlDtmk/fgfrlDtmk) or 
control heterozygous ES cells {fgfr1 Dtmk/+) were cultured at 20 cells/ml 
in LIF alone or LIF+FGF2+heparin and sphere colonies (n=12 cultures 
30 per group) were quantified after 7 days in vitro (t = 8.5, p<0.05 
comparing mutant and wildtype cells in LIF alone; t = 8.9, p<0.05 
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comparing mutant and wildtype cells in LIF+FGF2). (B) Anti-FGF2 
antibodies block neural colony formation. ES cells were cultured at 20 
cells/ml in the presence of LIF or LIF+FGF2+heparjn alone or in the 
presence of 1.25 mg/ml mouse monoclonal IgG anti-FGF2 antibodies. 
5 Data represent the average of 6 cultures per group from 2-3 separate 
experiments (t = 3.66, p<0.05 comparing LIF alone in presence or 
absence of antibody; t = 2.21, p<0.05 comparing LIF+FGF2 in presence 
or absence of antibody). (C) LIF facilitates colony formation in FGF2 from 
neural stem cells isolated from the E9.5 forebrain vesicles compared to 
10 FGF2 alone (t = 2.9, p<0.05). Germinal zone tissue was cultured at 10 
cells/ml in either FGF2+heparin or in the presence of FGF2+heparin and 
LIF and colonies were quantified after 7 days in vitro. Data represent the 
average of 6-9 embryos per group. 

Figure 4. TGFb/Wnt signaling can modulate neural stem cell 

15 differentiation from ES cells. (A) BMP4 inhibits neural colony formation 
compared to controls (t = 4.45, p<0.05). ES cells were cultured at 20 
cells/ml in the presence of LIF+FGF2+heparin alone or in the presence 
of BMP4. Sphere colonies were quantified after 7 days in vitro. Data 
represent the average of 6 cultures per group from 2 separate 

20 experiments. (B) Under similar conditions, Noggin (100 mg/ml) 
enhances neural colony formation compared to controls (t = 4.78, 
p<0.05). Sphere colonies were quantified after 7 days in vitro. Data 
represent the average of 6 cultures per group from 2 separate 
experiments. (C) A null mutation in the Smad4 gene enhances neural 

25 colony formation compared to wildtype controls (t = 2.67, p<0.05). 
Smad4(-/-) and wildtype E14K ES cells were cultured at 20 cells/ml in 
the presence of LIF and sphere colonies were quantified after 7 days in 
vitro. Data represent 6-12 cultures per group from 3-5 separate 
experiments. (D) mCer-l enhances neural colony formation compared to 

30 controls (t = 2.4, p<0.05). ES cells were cultured at 20 cells/ml in the 
presence of LIF and B27 in the presence of 20% (v/v) in 0.5 ml culture 
wells of media supernatant from Neuro2a cell lines transiently 



-63- 



expressing a mCer-l transgene or V2 plasmid control. Sphere colonies 
were quantified after 7 days in vitro. Data represent an average of 6 
cultures per group from 2 separate experiments. 

Figure 5. Neural cell fate inhibition is attenuated in relatively low cell 
5 density cultures. ES cells were cultured on a poly-ornithine substrate for 
24 hours at 50 cells/ml or 10 cells/ml in the absence of exogenous 
growth factors or, where indicated, in the presence of 
LIF+FGF2+heparin. (A) Cells expressing nestin, blll-tubulin, NeuN and 
Oct-4. Cultures were counter-labeled with Hoechst nuclear dye to 

10 facilitate cell quantitation. (B) In a similar manner, nestin and blll-tubulin 
expression were assessed in Smad4(-/') ES cells, compared to the 
E14K wildtype controls, plated at 50 cells/ml. Data represent the 
average proportion of phenotype-specific cells (positively 
immunolabeled) per total numbers of cells (Hoechst-labeled) obtained 

15 from 4-6 random standardized areas (using an ocular grid) at 20X 
objective magnification from 3-6 separate cultures. Scale bar: 20 mm. 
n.d., not determined. 

Figure 6. ES-derived neural sphere colonies contribute extensively in 
mouse chimeras. (A) Chimeric E9.5 embryo generated with a YFP ES 

20 sphere colony and a CD1 host morula. YFP-expressing cells are evident 
in all embryonic tissues (large arrow) and yolk sac (small arrow), but 
are absent from the placenta (outlined with dashed lines). Inset shows 
a normally developed blastocyst after 24 hours in vitro from the 
aggregation of a YFP ES sphere colony and a GDI host morula. YFP 

25 cells integrate extensively into the ICM (large arrow), whereas the 
trophectoderm (faintly illuminated with a low intensity white light) is 
normally devoid of YFP cells (small arrow), (B) Twenty-four hours after 
the attempted aggregation of a GFP sphere colony derived from the E9.5 
forebrain and a CD1 host morula, the morula develops normally into a 

30 blastocyst (arrow), while the sphere colony remains unintegrated 
outside of the embryo (both visualized with low intensity white light). (C) 
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GFP-expressing cells were not observed within the embryo. Scale bar: 1 
mm (A), 750 mm (A, inset), 250 mm (B, C). 

Figure 7. Undifferentiated ES cells do not express nestin at high cell 
densities. A small proportion of ES cells cultured at high cell densities 
5 (-100 cells/ml) on a gelatin substrate in the presence of LIP and 15% 
PCS display a relatively large flattened morphology and express nestin 
(arrowheads in A). In phase contrast images, these nestin positive cells 
are almost exclusively found between clusters of small rounded cells in 
areas of minimal cell to cell contact (arrowheads in B). The well- 

10 circumscribed clusters of cells, which do not express nestin (arrow in A 
and B) resemble typical undifferentiated ES cell colonies. These 
aggregated cells express the undifferentiated ES cell-specific marker 
SSEA-1 (arrowheads in C and D). Moreover, the relatively large cells that 
resemble nestin-positive cells do not express SSEA-1 (arrow in C and 

15 D). (E) A model depicting the establishment of the early neural lineage 
from ES cells. Totipotent ES cells derived from the E3.5 ICM directly 
differentiate (limited by the inhibitory control of TGPb molecules) to give 
rise to LIP- and PGF-dependent pluripotent primitive neural stem cells 
that undergo relatively few symmetric (expansionary) divisions. These 

20 primitive neural stem cells can generate neurons and glia, but under 
appropriate environmental conditions (chimeric embryos) have the 
potential to generate cells with the capacity to differentiate into various 
cell types. As development proceeds, primitive neural stem cells give 
rise to FGF-dependent (and not LIF-dependent) neural stem cells that 

25 are present at the neural plate stage at E8.5 (Tropepe et al., 1999). The 
PGP-responsive neural stem cells initially undergo mostly asymmetric 
divisions, but at later stages divide symmetrically to expand their 
population. By El 4.5, PGP-responsive neural stem cells also give rise to 
a relatively separate EGP-responsive neural stem cell population, both 

30 of which have the potential to generate neurons and glia (Tropepe et al., 
1999; Martens et al, 2000). Scale bar 40mm. 



